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Abstract

:

Deep placement of gel in waterflooded hydrocarbon reservoirs may block channels with high water flow and may divert the water into other parts of the reservoir, resulting in higher oil production. In order to get the gel constituents to the right reservoir depths, a delay in the gelling time in the order of weeks at elevated temperatures will be necessary. In this work, a methodology for controlled gelation of partially hydrolyzed polyacrylamide using hybrid nanomaterials with functional groups as cross-linkers was developed. Two delay mechanisms with hybrid materials and polyelectrolyte complexes were designed and tested. Both mechanisms could significantly delay the gelation rate, giving gelling times ranging from several days to several weeks in synthetic sea water at 80 °C. Gelling experiments in sandstone cores showed that gel strength increased with aging time. For long aging times, strong gels were formed which resulted in almost no water permeability. A series of coreflooding experiments with polymer and deactivated nanomaterial were performed. In addition to differential pressures and concentration profiles, the experiments enabled calculation of retention and inaccessible pore volumes. A novel numerical model of 1D two-phase flow has been developed and tested with results from core flooding experiments. The model can track the age distribution and concentrations of the nanomaterial (and therefore water viscosity) throughout the porous medium at every time step. The model generated a good fit of experimental results.






Keywords:


functional nanomaterials; porous media; enhanced oil recovery; delayed gelation; polyelectrolyte complexes












1. Introduction


It is becoming more and more challenging to meet the ever-increasing demand for petroleum. Most of the existing major oilfields are already at a mature stage, and the number of new significant discoveries per year is decreasing [1]. Therefore, at this point in time, it is crucial to focus on methods of improving petroleum production from existing reservoirs. A big subset of such methods fall under the category of Enhanced Oil Recovery (EOR).



Challenges and technology gaps within EOR which need to be addressed in the coming research programs have been identified in the OG21 strategy document on “Exploration and Increased Recovery” [2]: In particular, there is a need for more cost-efficient EOR chemicals and to assure environmentally acceptable methods to avoid unwanted discharge to the seas. Improved petroleum resource exploitation by EOR has also been given special attention in a report on increased recovery in the Norwegian Continental Shelf by the Norwegian Department of Oil and Energy [3]. There is, therefore, a clear need for increased competence in new technologies in the field of EOR.



There has recently been an increasing interest in applying nanotechnology to EOR, but still, many topics are uncovered. Nanotechnology, which has mainly been developed in mechanical engineering, medicine, and biological sciences [4,5,6], has also shown a potential for application in the oil and gas industry, from drilling [7,8,9,10,11,12,13,14], corrosion inhibition [15,16], and production operations [17,18,19,20,21,22] to EOR [23,24,25,26,27]. This technology has a wide range of applications relevant to EOR, from employing general concepts and principles of nanotechnology to advanced reservoir monitoring using nano-sensors and nano-analysis to more specific technologies which make up for the shortcomings in traditional EOR methods [28,29,30,31,32]. The latter includes tailoring chemical molecules for more efficient EOR as well as smart and more effective delivery of EOR agents. Technologies such as efficient drug delivery in the human body can possibly be applied to improve efficiency in chemical flooding [33,34].



This work was part of the HyGreGel (Hybrid Green nano-Gels) project carried out at SINTEF Industry and Norwegian University of Science and Technology. It addressed the need for more efficient water diversion techniques by improved in-depth placement of gelling chemicals to increase waterflood recovery and to reduce unwanted water circulation in heterogeneous reservoirs. The project recognized the environmental challenges using chemicals and emphasized the development of green chemical systems for such applications. However, mobility improvements due to gel injection (see, e.g., Reference [35]) was outside the scope of this work.



Incremental recovery from water diversion is generally expected to be merely 2% above standard waterflooding [2]. Also, an earlier work in the area of gel conformance control using nanomaterials for EOR has faced challenges in delaying the formation of gels [36]. The main objective of this work was, thus, to improve incremental recovery from water diversion by developing and testing innovative hybrid (polymer + nanomaterial) gels with delayed gelation.



1.1. Hybrid Materials for Delayed Gelation


Hybrid Organo-Silica (HOS) nanomaterials were used in this work. HOS nanomaterials, which are developed at the Department of Materials and Nanotechnology (DMN) at SINTEF Industry using a two-step synthesis process [37], are nanoparticles with functional groups which can react with polymers causing cross-binding and gelling. Partially hydrolyzed polyacrylamide (HPAM) was used as a polymer, although the long-term objective was to use a more environmentally friendly polymer.



HOS nanomaterial with blocked functional groups and polymers are injected as a formulation at the same time. Hydrolysis within the requested time window leads to activation of the functional groups and thereafter to fast and efficient gelation by cross-linking of the HOS and polymer.



The retarding mechanism can be illustrated in Figure 1 [38]. When nanomaterial with active cross-linking groups are mixed with polymers, a gel will be rapidly formed (a). No gel will be formed if all the active functional groups on the nanomaterial are blocked via formation of some specific compounds (b). These specific compounds can undergo a slow hydrolysis, making the active groups available to cross-link with the polymer (c). By these means, a controlled retarded gelation process can be realized.



As an additional benefit, cross-linked HOS and polymers can possibly provide a more hydrophobic gel than the components themselves. Motion of water could, therefore, be more efficiently hindered than motion of oil which would be suitable for partially blocking gels that can mobilize the remaining oil. HOS can, to a significant extent, be manufactured from renewable resources. Accordingly, two types of HOS with different functionalities were synthesized via a controlled sol-gel process. A second step involving functionalization of the active group was conducted in order to block the cross-linking functionality. Particle size analysis showed that nanoparticles in the size range 3–5 nm were obtained. The size slightly increased after functionalization. NMR analyses showed that the functionalization can be adjusted to block the active cross-link groups partially or fully.



In case of undesired spills, HOS is degradable after being highly diluted with water. Computer modelling of the degradability of highly diluted HOS was previously performed in collaboration with Université de Savoie, France [39,40].



The first gelation tests at DMN with active HOS nanomaterials and polymer revealed that it was difficult to form gels with cellulose-based polymers but strong gels were formed with HPAM. HPAM was therefore chosen as the base polymer for the following studies. DMN followed two approaches in synthesizing HOS-based materials.



Approach 1—The reactive groups on HOS nanomaterials were fully blocked to prevent instant cross binding with the polymer. Then, as a time-dependent event, the blocked sites with specific functionality were activated by hydrolysis, enabling cross-linking, viscosity increase, and eventually gel formation.



Approach 2—Only parts of the reactive sites on HOS were blocked. By carefully adjusting functionalization degree and concentration of HOS, a controlled delayed gelation varying from several days to several weeks could be achieved.



Both types of HOS nanomaterials synthesized by DMN were tested in bulk conditions. Their reactivity was tested by measuring viscosity and gel formation as a function of time at 80 °C in synthetic sea water (SSW) at anaerobic conditions. Tested systems were kept in reaction vials, and eventually, the most promising system was selected for in situ gelling experiments.




1.2. Polyelectrolyte Complexes for Delayed Gelation


As a second approach for delayed gelation, polyelectrolyte complexes (PEC) were used. PEC can be made by mixing a polycation with a polyanion. By incorporating a cross-binder into the polyelectrolyte complex, a delayed gel formation can be obtained. In the original PEC recipe, Cr3+ was used as cross-binder. As active HOS nanomaterials are also polycations, the original polycation was replaced by active HOS. Initial tests indicated that this can be a viable approach.



A research group at Texas A&M has developed a technology to delay gelation of HPAM based on PEC and Cr3+ (The research was originally conducted at the University of Kansas. However, since Professor Jenn-Tai Liang, one of the contributors to this project and HyGreGel, later moved to Texas A&M University, we will call it a Texas A&M recipe here). Only a few papers have been published on their results [33,34]. Figure 2 shows an example of a system with delayed gelation based on Texas A&M technology. As shown in the figure, the viscosity of the solution only increased marginally for the first 50 days after preparation. Then after 50 days, a sudden viscosity increase was observed over a 10-day period.



Samples of different basic systems were prepared for measurement of viscosity development with time. This included systems with only Cr3+ ions as cross-linker, systems based on the original Texas A&M recipe [33], and systems with active HOS. HPAM polymers of different molecular weight were used.




1.3. Transport Properties of Nanomaterials and Polymers in Porous Media


Lötsch et al. [41] described the phenomena governing the transport of water additives in porous media, namely retention, adsorption, and inaccessible pore volume (IPV). Based on this, several core flooding experiments were designed and conducted where deactivated HOS nanomaterials and polymers were injected both separately and in mixtures into two sets of sandstones, namely Berea and Bentheimer [38]. The results indicate that polymer adsorption, polymer retention, and IPV were generally reduced by the presence of nanomaterials. Adsorption, total retention, and IPV were significantly higher in Berea compared to Bentheimer for both polymers and nanomaterials. Adsorbed or otherwise retained polymers during injection were not released during following waterfloods, while the retained nanomaterials were partly released during subsequent waterfloods. Nanomaterials had negligible effect on rock permeability, while polymers significantly reduced the permeability.




1.4. Numerical Model


A novel numerical model that enables simulations of time-dependent reactivity between polymer and cross-linker was developed. An extended description of the numerical model is presented in Appendix A. In the model, the viscosity of water depends on polymer concentration as well as age (the time passed since injection) and concentration of the nanomaterial. Such a functionality is not available in commercial simulators. The model was tested with results from the core flooding experiments with deactivated HOS nanomaterials and polymers. Simulations were also run using a synthetic data set.





2. Experimental


2.1. Polymers and Synthetic Sea Water


Three different polymers (all HPAM) were used in the experiments as summarized in Table 1, where the product names, the producers, and the approximate molecular weights are given. The concentrations used are also given. The polymers were always dissolved in SSW (cf. Table 2). The exact molecular weight of Flopaam 5115 VHM is not known but assumed to be in the order of 12–15 MDa.




2.2. Static Measurements


Several series of chemical systems were prepared as described in Section 2.4, Section 2.5 and Section 2.6. Each prepared system was distributed into six vials (a through f) that were sealed with rubber stoppers and crimp seals. Then, the vials were placed on a KS 500 shaker (Janke & Kunkel, IKA WERK) with 300 shakes/min. While being shaken, the vials were purged with argon for 60 min. Argon was delivered through a syringe needle penetrating the rubber gasket. It then exited the vial through another needle.



After the purging, samples were placed in an oven and were heated to 50 °C (the first 16 series) and later at 80 °C. The “a” sample from each series was not heated, and its viscosity was measured a short time after preparation. Samples “b” through “f” were kept in the oven, each having an increased aging time compare to the former sample.




2.3. Viscosity Measurements


The viscosities of samples were measured using an Anton Paar MCR 302 rheometer under ambient conditions. After a sample was taken out of the oven, it was quickly transferred to the rheometer station, after which its viscosity was measured using a plate and cone geometry.



The measurement procedure using the rheometer was as follows. First, a sample of suitable size was put on the plate. After that, the cone was lowered down onto the sample, until the sample spread into a thin film which completely filled the space between the cone and the plate. The measurement was then started according to a preset schedule for shear rates.



After initiating measurements, the instrument imposed a torque on the plate by rotating the cone at an initial slow speed, which was necessary to apply the first shear rate. The rotation lasted for the measurement time which was set to 2 s. After the measurement time had elapsed, the torque was increased to reach the next shear rate. From the resulting torques and shear rates, a relationship between viscosity and shear rate (shear curve) was then calculated by the software.



Weak gels may be broken down during the shearing. For stronger gels, the velocity gradient between the measuring geometry will not be as homogeneous as in a weaker, more fluid gel, since it will only be over a small gap between the measurement bodies (cone and/or plate) and the gel. Thus, the viscosity measurements presented in this work are at best semi-quantitative after gelation had started. However, valuable results were collected from said measurements.




2.4. Polyelectrolyte Complexes According to the Texas A&M Recipe


A few tests were conducted with PEC systems made after the recipe by Johnson et al. [34] in order to reproduce similar results. This recipe has three constituents. In addition to the polymer and the Cr3+ cross-binder, the main constituents are dextran sulfate (DS) and polyethyleneimine (PEI); 1 wt.% of DS and PEI in pure water were prepared to make PEC solutions by adding 15.39 g of DS solution to 34.28 g of PEI solution under vigorous stirring. The DS solution was added quickly as a “shot” by use of a syringe.



After approximately one minute of stirring, 1.13 g of a 10 wt.% CrCl3·6H2O was added. The final solution was made by first mixing 5.38 g of a 4 wt.% Alcomer 24 UK solution in SSW with 25.35 g of SSW. Next, this polymer solution was mixed with 12.32 g of the PEC solution. The concentration of polymer and Cr3+ in the final solution were 0.50 wt.% and 129 ppm, respectively. The samples were aged at 50 °C. The sample series was named Series 10. The viscosity of the samples in each series was measured against increasing aging times.



Two more series of polymer/PEC solutions were made using 0.50 wt.% and 0.49 wt.% of Alcomer 24 UK (Series 35) and Flopaam 5115 VHM (Series 36), respectively. The composition of the PEC was as described above. The concentrations of Cr3+ in the two solutions were 119 ppm and 115 ppm. The solutions were aged at 80 °C. Yet another two systems were made in an equivalent manner using Alcomer 24 UK but with reduced concentrations of Cr3+ (60 ppm in Series 42 and 41 ppm in Series 47).




2.5. Polyelectrolyte Complexes Based with HOS


In PECs based on HOS, the polycation PEI was replaced by HOS which also contain cations. As suggested by researchers at Texas A&M, the DS was replaced by the polyanion polyvinyl sulfonate (PVS). As a result, the number of main constituents of PEC drops to two. Series 17 through 20 were made using this method (Table 3).



The base of the HOS nanomaterial is silicon oxide, which has various structures. An HOS nanomaterial with 64.6% active matter in solvent was used. Alcomer 24 UK was used as the polymer. The composition of the samples are summarized in Table 3. The solvent for the solutions was SSW.




2.6. Effect of In Situ Gelling on Water Flow Using Partially Modified HOS


2.6.1. Gel System


The solutions used in the core flooding experiments with in situ gelling were prepared by mixing 500 g of 2 wt.% Alcoflood 24 UK with 17.35 g of partially modified HOS. The nanomaterial was supplied as a 90.6% active solid. The system chosen for the experiments was considered the most promising with regard to delayed gelation and formation of strong gels (at the time in the project when the decision of the gel system was taken).



During the core flooding experiments the nanomaterial/polymer solution was injected into the SSW saturated cores. The viscosity of the effluent was monitored. As soon as the effluent viscosity had stabilized, a series of samples were taken. After collection and argon-purging, the samples were aged at 80 °C.




2.6.2. In Situ Gelling Experiments


The nanomaterials were added to the polymer solution and stirred overnight with a magnetic stirring bar. The solution was then filtered through 8-μm membrane filters using less than 2 bar overpressure. The loss of solids during filtration (measured for one solution) was less than 1% of active matter in the solution. This was obtained by weighing the filters before and after (dried filters) filtration. The filters clogged during filtration, and up to five filters were used during the filtration.



The experiments were carried out in the setup shown in Figure 3, but the various detecting systems except for the viscometer were bypassed. The experiments were done using 20-cm long Bentheimer sandstone cores at 80 °C and 4–5 bar back pressure.



The Bentheimer cores were initially characterized by measurements of porosity and permeability. From previous measurements on similar cores, a pore size distribution curve was determined based on mercury intrusion measurements, as shown in Figure 4. The curve was symmetrical around 33 μm, and only 11% of the pore throats were less than 10 μm.



The first three experiments were conducted with increasing aging times for the chemical system in the core. For each experiment, the pore volume and absolute permeability was first measured. Then, the chemical system was injected, followed by aging. After aging, SSW was injected at 30 mL/h (rate limit) but restricted by approximately 27 bar differential pressure. The experiments ended with a permeability measurement. During injection of the chemical system, samples of the produced fluid were taken early after breakthrough of the chemicals and at the end of the injection. The SSW injected prior to the polymer/nanomaterial solution was purged with argon and vacuum treated to remove oxygen from the solutions.



As differential pressures across the core increased significantly during injection of the identical nanomaterial/polymer solutions, two more experiments were conducted. Experiment 4 was an injectivity test, pretreating the injected solution by high-rate filteration through a 500-mD Berea sandstone. A last experiment was carried out by aging the solution with a more comprehensive pretreatment, where the pH of the solution was reduced and the solution was filtered through filters with smaller pore sizes.






3. Numerical Simulation


The Model


A spatially 1-dimensional model with rate-controlled injection was developed. Thus, the model is appropriate for simulation of core flooding experiments with specified injection rates. At present, the given version of the model does not contain capillary forces or gravity. However, the formulation of transport properties can be generalized to more spatial dimensions, to include capillary forces and gravity, and to include the possibility of pressure-controlled boundary conditions.



The model also contains other features (in addition to age tracking of nanomaterials) such as adsorption and possible desorption of nanomaterials and polymers, inaccessible pore space for nanomaterials and polymers, shear thinning, and absolute permeability reduction as a function of adsorbed polymer concentration.



The water viscosity at a given location and time is a function of polymer concentration, nanomaterial concentration, the local age profile of the nanomaterials, as well as the rate. With no nanomaterials present, the formulation of the water viscosity as a function of polymer concentration corresponds to the fully mixed Todd–Longstaff formulation. When gelling is possible (i.e., when sufficiently aged nanomaterials and polymers are present), the water viscosity is interpolated between its value corresponding to no gelling and its maximal possible value (maximal gelling). For generality, several of the input parameters defining water viscosity in the developed code are table based, allowing for flexibility in the definition of rheological properties of the aquous phase.



The numerical formulation of the presented model is standard upstream implicit Euler for the transport of water, oil, polymers, and nanomaterials, while the recalculation of the nanomaterial age distributions is done after the implicit transport equations have converged. This recalculation applies a relatively novel method [42] by treating the upstream terms explicit and the downstream terms implicit. This approach gives stability and limited dispersion.



Since the model is spatially 1-dimensional, the Jacobian matrix in the Newton iteration has a block structure enabling a non-iterative robust and effective linear solver. Indeed, numerical simulations demonstrate robust stability due to the implicit formulation for fluid transport and the simulator is numerically effective, allowing for short timesteps in order to limit numerical dispersion inherent in the implicit formulation.





4. Results and Discussion


4.1. Laboratory Experiments


4.1.1. Gel Formation Experiments


Table 4 shows the lowest concentration for gel formation with the different polymers used in the experiments with Cr3+ as the cross-linker. As seen in the table, gel was only formed with Alcoflood 254 S for the highest concentration tested, namely 2 wt.%. However, it is possible that gels could have been formed at lower concentrations in the interval between 1 wt.% and 2 wt.%. Alcomer 24 UK formed gel at 0.5 wt.% but not at 0.25 wt.%. It is possible that the highest molecular weight polymer Flopaam 5115 VHM could have formed gels at concentrations lower than 0.5 wt.%.



Samples prepared according to published Texas A&M technology showed that it was possible to delay gelation in the order of 20 days when the sample was aged at 50 °C. At 80 °C, the gelation was much faster and was comparable to systems cross-linked with only Cr3+.



Figure 5 illustrates the viscosity measurement results for gels based on PECs with HOS (composition of these samples are given in Table 3). The figure shows that, on the first day of aging, the viscosities in all solutions increased to some degree. Then, all three solutions with PEC (Series 17 through 19) exhibited an almost constant viscosity for 14 days. After 57 days, a significant increases in viscosity was seen for all the three solutions. There was no measurements done between 14 and 57 days, and it is not possible to know the exact length of the “constant viscosity period”. After 14 days, the samples in Series 17 through Series 19 were characterized as viscous fluids. The samples in Series 20 were prepared without PVS and, thus, without PEC. For this series, the solution was characterized as viscous fluid after five days and as week gel after 11 days. Comparison of the samples made with and without PEC shows that incorporation of the HOS in PEC reduced gel formation time significantly. Surprisingly, no effect was observed by increasing the amount of PVS.



Figure 6 shows measured viscosities for the samples collected early and at the end of injection during an experiment with gels based on partially modified HOS. This system was used for the in situ gelling experiments described in Section 4.1.2. Except for the sample measured after 12 days at 0.7 s    − 1   , a clear trend is seen in the figure, showing a slow increase in viscosity the first 25 days and then a faster increase thereon.



In order to obtain data for testing of the simulator developed for transport of nanomaterials and polymer and with a functionality of time delayed gel formation, some gel formation experiments were conducted where the polymer concentration was varied from 0.25 wt.% to 1 wt.% and the concentration of Cr3+ was varied from 22 ppm to 113 ppm. For this series of experiments, Alcomer 24 UK was used as the polymer. For concentrations higher than 22 ppm, the polymer viscosity was apparently not dependent on the cross-binder concentration. The viscosities of the solutions were measured directly after preparation (unreacted) and after one day of aging (reacted). Figure 7a shows viscosity as a function of shear rate for three polymer concentrations measured at room temperature just after preparation.



Figure 7b shows an example of a reaction model designed based on viscosities measured at a shear rate of 12.7 s    − 1    for the fresh made solutions and after one day of aging at 80 °C. The blue curve corresponds to the polymer which has not reacted, i.e., data taken from Figure 7a. The red curve corresponds to maximum viscosities for the solutions measured after reaction. The green curve is for aging time laying between no gelling and complete gelling. With a qualitative reference to Figure 2, the green curve would be valid for an aging time between 50 and 60 days, whereas the red curve corresponds to 60 days. In the reaction model, it is assumed that the viscosity increases linearly with time in the gelling period. Again, as mentioned above, the reaction model was solely made to have some reality-based data to be used for testing of the simulator model.




4.1.2. In Situ Gelling Experiments


Table 5 summarizes the initial absolute permeabilities of the cores used in the experiments, the permeabilities measured with SSW injection after the aging, and the residual resistance factors (RRF), i.e., the ratio between the two permeabilities. The resistance factor determined after seven days of aging was not much higher than the corresponding factor determined for polymer injection into Bentheimer sandstone [38]. As shown in Table 5, the residual resistance factors increased with longer aging times. In Experiment 5, a rigid gel with almost no water permeability was formed, explaining the very high RRF.



The injection phases for the nanomaterial/polymer solution are compared in Figure 8. As seen, the differential pressures across the viscometer tube were similar except for a slightly higher viscosity of the solution used in Experiment 5. In Experiment 3, parts of the bypass line was filled with the nanomaterial/polymer mixture, explaining the initial decline in the viscosity response.



The differential pressures over the core developed almost identically for the first 2.5 pore volumes (PVs) injected. The rapid increase thereafter developed in different but quite similar manners. Pre-filtering of the injected solution through a 500-mD core (Experiment 4) apparently gave a worse result compared to filtration through 8-μm membrane filters in Experiments 1–3.



If the presence of extended structures/materials in the solution was the cause of the injectivity problem, the use of finer filters could possibly alleviate the problem. In Experiment 5, the first half of the injected solution was filtered through 3-μm filters and the second half through 6-μm filters. Likely more important, the pH of the injected solution was reduced to 7.2, which resulted in a clear solution before filtering.



As can be seen in Figure 8, the differential pressure across the core did not increase after breakthrough of the nanomaterial/polymer solution in Experiment 5, and it remained stable until all available solution was injected (15.3 PV). The improved treatment thus alleviated the injectivity problem seen in the first four experiments.



The experiments with in situ gelling have demonstrated that gel was formed in the porous medium. As expected, the gel strength increased with increased gelling time. For gelling times in the order of 2 months, strong gels were formed.



In Experiment 3, the gel almost blocked the core with a pressure gradient of 135 bar/m for 9 days at 80 °C. In Experiment 5, the gel blocked the core during the entire test period of 45 days using the same pressure gradient and temperature. At the end of Experiment 5, the flow rate of SSW through the core was 0.23 mL/h.



It is evident that pH adjustment of the nanomaterial/polymer solution affected both the gelation rate and gel strength. The nanomaterial/polymer systems developed in the present project has proven the ability to delay gelation and to form stable gels in harsh conditions. However, further work is needed in order to optimize the systems for use in practical applications.





4.2. Numerical Simulation


4.2.1. Grid Sensitivity


To investigate numerical dispersion, the simulator was tested with varying parameters for a number of grid blocks. This was done for the case of nanoparticle injection in Bentheimer. The result of changing the number of grid blocks is shown in Figure 9. For small number of grid blocks, the numerical dispersion is apparent as it smooths out the nanoparticle concentration response, resulting in a too early breakthrough of the nanoparticles. At the same time, increasing the number of grid blocks increases the computation time. Therefore, it was decided to use 120 grid blocks as an optimal number.




4.2.2. Simulation of Laboratory Experiments


Several experiments to investigate the transport properties of nanomaterials and polymer in porous media has been reported earlier [38,43]. These experiments were performed and analyzed based on the descriptions of Lötsch et al. [41] on phenomena governing the transport of water additives in porous media. The experimental setup shown in Figure 3 was used. The results from said experiments were simulated in order to test the quality of the developed simulator. Table 6 summarizes the basic rock parameters and additives used in the experiments. High permeability Bentheimer and low permeability Berea were used as the rock system.



In Experiments 1–3, solutions of nanomaterials and/or polymer in SSW were injected into a Bentheimer sandstone core with permeability around 2.8 Darcy and porosity around 23%.



In Experiment 1: nanomaterial injection into Bentheimer sandstone, two slugs with 1000 ppm nanomaterial (NM) concentration dissolved in SSW were injected, each followed by SSW without NM. Inaccessible pore volume (IPV) for nanomaterials was found to be zero, and the measured retention (0.010 mg/g rock) was taken into the adsorption isotherm. Desorption of nanomaterials occured for SSW flooding based on negative IPV for the SSW flooding (see Table 7). Figure 10 shows a comparison of the nanomaterial response from the simulation and the experimental results.



In Experiment 2: polymer injection into Bentheimer sandstone, two slugs of 1000 ppm polymer dissolved in SSW were injected, each followed by SSW. For this experiment, the increase in viscosity as a function of produced polymer concentration was measured and used in the analysis to determine the IPV for polymers in addition to adsorption of polymers on the rock surface. Adsorbed polymers also reduce absolute permeability in the rock. No desorption of polymer was assumed. The parameter inputs for the simulations are taken from Table 8, with IPV equal to 0.1 (average between 0.07 and 0.13) and an adsorption coefficient at maximum polymer concentration equal to 0.02 mg/g rock (this also includes mechanical trapping). The reduction in absolute permeability for SSW with polymer was adjusted to match the differential pressure over the core. The viscosity of SSW as a function of polymer concentration is taken from measurements, giving a relative increase in viscosity by a factor of 4.3 at 1000 ppm polymer concentration. Figure 11 shows a comparison of (measured and simulated) normalized polymer responses and differential pressures over the Bentheimer core.



In Experiment 3, a solution with polymer and nanomaterials was injected into Bentheimer sandstone. Two slugs with 2000 ppm nanomaterials and 500 ppm polymer were injected each followed by injection of SSW. Figure 12 shows simulation results compared to results from the experiment. Parameter input for the simulations are taken from Table 9 and Table 10.



Experiments 4–6 followed the same schedule as experiments 1–3. Core material was Berea sandstone with permeability around 0.3 Darcy and porosity around 19%. From the results, it was apparent that the Berea cores were more heterogeneous than the Bentheimer cores. The effect of heterogeneity cannot be modelled correctly in the 1-D simulator, and results from the simulations had characters of a more “piston-like” displacement.



To compare the results from the developed 1-D simulator with a commercial simulator, a polymer injection experiment into sandstone was simulated using Schlumberger ECLIPSE. The ECLIPSE simulator has the functionality for modelling polymer injection in the aqueous phase, and the same parameters as before for IPV, viscosity change as function of polymer concentration, and adsorption of polymer were used. The results from the ECLIPSE simulation show a good match to the simulations from the developed 1-D simulator (Figure 13).




4.2.3. Field Scale Modeling


The full functionality of the simulator was tested by constructing a 100-m long simulation model with a cross section of 1 m   2  . The simulation model had 1200 grid blocks; porosity and permeability were 0.24 and 2000 mD, respectively; and the IPV for polymer was set to 0.14. Otherwise, the parameters were as in Experiment 3. Figure 14 shows an outline of the model.



Total pore volume (PV) of the model was 24 m   3   and an injection rate of 1 PV per 40 days were used (0.6 m   3  /day). The schedule was set to inject a slug of 0.5 PV polymer and nanomaterial solution followed by 1.5 PV SSW.



The applied age function for nanomaterials is shown in Figure 15a where nanomaterials start to cross-link the polymers at age 30 days. The full cross-linking effect for nanomaterials is reached after 33 days. Figure 15b shows the two-variable function   h (  C p  ,  C n  )   reflecting the gel strength as a function of polymer and nanomaterial concentrations.



With the given nanomaterial age function, the gelling should start at after 30 days, which corresponds to 75 m in the model. Maximum gel viscosity was set to 50 cP to allow continued flooding of the 1-D model after the gel was formed. When gelling occured in the model, a clear response on the differential pressure over the model was noticed. Figure 16 displays differential pressure over the model and the relative concentrations of nanomaterial and polymer at the outlet of the model for injection of (a) a 0.5-PV polymer and nanomaterial solution and (b) a 0.25-PV polymer and nanomaterial solution batch followed by injection of SSW up to a total of 2 PV injected fluid. Both cases show an increase in differential pressure during solution injection due to an increase in viscosity as a function of polymer concentration. Reduction of effective permeability due to adsorption of the polymer can be seen as a continued but smaller increase in differential pressure until gelling occurs (at 0.75 PV injected or 75 m into the model) with a distinct increase in differential pressure. It can be observed that the the presence of IPV and adsorption results in a splitting of the nanomaterial and polymer slugs and that, for the case with slug size 0.25 PV, only a smaller slug with high concentrations of both polymer and nanomaterials are produced at the outlet of the model. This is also reflected in a lower differential pressure over the model when gelling occurs.






5. Conclusions


Deep placement of gel in waterflooded oil reservoirs may block channels with high water flow and may divert the water into other parts of the reservoir. In order to get the gel constituents to the right depths, a delay in the gelling time up to several weeks at elevated temperatures will be necessary. The objective of the HyGreGel project was to develop gel systems with delayed gelation based on innovative chemistry by taking nanomaterials into use. Furthermore, mechanisms for reaction and transport of the gel constituents were described, which, in turn, enabled numerical modelling of deep gel placement.



A methodology for controlled gelation of partially hydrolyzed polyacrylamide (HPAM) using hybrid organo-silica nanomaterials with functional groups (HOS nanomaterials) as cross-linkers was developed. Several systems with different types of HOS nanomaterials were synthesized, characterized, and tested. Both HOS nanomaterials with fully blocked reactive sites that were slowly activated by hydrolysis and partially deactivated HOS nanomaterials could significantly delay the gelation rate, giving gelling times ranging from several days to several weeks in SSW at 80 °C.



Use of polyelectrolyte complexes as a method for delayed gelation based on published technology developed at Texas A&M University was tested. Delayed gelation was obtained at 50 °C but not at 80 °C. When the original polycation was replaced, active HOS nanomaterials (which are also polycations) and dextran sulfate was replaced with polyvinylsulphonate and a reduced rate of gelation at 80 °C was also obtained.



A gel system based on partially modified HOS nanomaterials was tested in core flooding experiments. The resistance to water flow increased with aging time, ultimately giving a very strong gel. The chemical system used had a severe injectivity problem, which was solved by an improved treatment consisting of better filtering and reduced pH.



A mathematical model of 1-D two-phase flow with polymers and nanomaterials was developed, implemented, and tested. The formulation includes tracking the age and concentration distribution of the nanomaterials. This means that, at each position and time, the composition of the nanomaterials with respect to age and concentration are given. The age composition of the materials in solution in turn affects the nanomaterials ability to cross-link and form gel. Results from the core flooding experiments with deactivated HOS nanomaterials and polymer were used in testing the model. The model generated a good fit of the experimental results. A good match was also achieved by comparing the results from the developed model with those of a commercial simulator, ECLIPSE. The comparison did not included the time- and concentration-dependent gelling effects which are not included in ECLIPSE [44]. The developed model was then used to simulate gelation in two field scale cases.



A significant step towards enabling hybrid material technology as a next generation of chemical EOR has been taken through the HyGreGel project. However, within the frame of the present project, it was not possible to follow all the topics involved in the technology to the end. Further research and development will be needed to optimize and improve the technology to the level needed for field testing.
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Appendix A. Description of the Numerical Model


Appendix A.1. Defining Equations


We consider an immiscible two-phase (water and oil) 1-D model with injection of nanomaterials and polymer in solution with water, where capillary and gravitational forces are ignored. We will assume that polymers and sufficiently old nanomaterials form gel, increasing the water viscosity significantly. The boundary conditions are given by specifying a time-dependent input rate.




Appendix A.2. Conservation Laws


Mass conservation for oil and water [45].


  ϕ   ∂  S i    ∂ t   +   ∂  u i    ∂ x   = 0 ,  i = o , w  



(A1)




where  ϕ  is the constant porosity (porosity for oil and water);    S i  =  S i   ( x , t )  , i = o , w   is the phase saturations; and    u i  , i = o , w   is the phase volumetric fluxes. These fluxes are given by Darcy’s law [45]


   u i  = − k   k  r i    μ i     ∂ P   ∂ x   ,  i = o , w  



(A2)




where   P = P ( x , t )   is the pressure and k is the absolute permeability. Here, absolute permeability is a tabulated function of absorbed polymer concentration. Furthermore,    k  r i   , i = o , w   is the relative permeabilities to oil and water, which are functions of water saturation. In the present formulation, these relative permeabilities are of Corey type [46]


      k  r w    (  S w  )  =  k  r w  0    (    S w  −  S  w i     1 −  S  w i   −  S  o r     )   α w   ,     



(A3a)






      k  r o    (  S w  )  =  k  r o  0    (   1 −  S  o r   −  S w    1 −  S  w i   −  S  o r     )   α o   ,     



(A3b)




where    S w  ∈  [  S  w i   , 1 −  S  o r   ]   . Here,   S  w i    and   S  o r    are the irreducible water saturation and the residual oil saturation;    k  r i  0  , i = o , w   is the endpoint relative permeabilities; and   α w   and   α o   are the Corey exponents for water and oil, respectively. The oil viscosity   μ o   is assumed constant, while the water viscosity   μ w   will be a function of nanomaterial and polymer concentration, the nanomaterial age profile, as well as the flow rate. The calculation of water viscosity is presented in the next section. Mass conservation of nanomaterials and polymers are given by


   ∂  ∂ t    (  C i   ϕ  ( i )    S w  +  C  a i    ( 1 −  ϕ  ( i )   )   ρ r  )  +  ∂  ∂ x    (  C i   u w  )  = 0 ,  i = n , p  



(A4)




where    C i  =  C i   ( x , t )  , i = n , p   are nanomaterial and polymer concentrations (molar or by weight);    C  a i   =  C  a i    (  C i  )  , i = n , p   is the adsorbed concentrations per mass of the rock for nanomaterials and polymers;    ϕ  ( i )   , i = n , p   is the porosities (accessible pore spaces) for nanomaterials and polymers; and finally,   ρ r   is the rock mass density. As indicated, the adsorbed concentrations are functions of their respective concentrations in the water phase, where the components can desorb or not depending on input choice. Thus, in the case of no desorption, the adsorbed concentration is a hysteretic quantity. In addition to calculating the saturations and concentrations, we need to keep track of the local age profiles of the nanomaterials, both the age profile in the water phase and the age profile of the adsorbed nanomaterials (the adsorbed age profiles are needed if nanomaterials can desorb). This age tracking is realized by formulating a conservation scheme for nanomaterials of the same age.



Let   p ( x , t ; τ )   denote the age distribution of nanomaterials in solution at a position and time.


  p ( x , t ; τ ) Δ τ  








is the fraction of nanomaterials having age in the interval   [ τ , τ + Δ τ ]   at position x and at time t. Thus,   p ( x , t ; τ ) ≥ 0   and    ∫  0  ∞   p ( x , t ; τ ) d τ  = 1  . In case all nanomaterials at a location have aged more than a maximal age   T 1  , the age where maximal gel strength can be achieved, the age profile is given by the delta function   δ ( τ −  T 1  )  . The age distribution of adsorbed nanomaterials at position x at time t is similarly given by   q ( x , t ; τ )  . Thus, the total concentration of nanomaterials per bulk volume of age   [ τ , τ + Δ τ ]   at position x at time t is


   p  ( x , t ; τ )   C n   ( x , t )   ϕ  ( n )    S w   ( x , t )  + q  ( x , t ; τ )   C  a n     C n   ( x , t )    ( 1 −  ϕ  ( n )   )   ρ r   Δ τ  



(A5)







The flux of nanomaterials of this age is


  p  ( x , t ; τ )   C n   ( x , t )   u w   ( x , t )  Δ τ  



(A6)







Thus, we can set up the conservation law for nanomaterials of age   [ τ , τ + Δ τ ]   for determining the t-evolution of   p ( x , t ; τ )   and   q ( x , t ; τ )  . Exactly how this is realized will be described in the section describing the numerical realization of the mathematical model.




Appendix A.3. Water Viscosity


The water viscosity is expressed as


   μ w  =  ( 1 − ν )   μ w p  + ν  μ w max   



(A7)




where   μ w p   is the water viscosity with only the polymer present;   μ w max   is the (constant) maximal possible value for water viscosity corresponding to maximal gel strength; and   ν ∈ [ 0 , 1 ]   is an interpolator depending on nanomaterial and polymer concentrations and the age profile p, where   ν = 0   corresponds to no gelling and   ν = 1   signifies maximal gel strength.



The water viscosity with only polymer present is given by


   μ w p  =  μ w 0  a  (  C p  )  s  (  C p  ,  q w  )  ,  



(A8)




where   μ w 0   is the water viscosity with no polymer present,   a (  C p  )   is the viscosity increase factor due to presence of polymer with no shear-thinning, while   s (  C p  ,  u w  )   is the viscosity decrease factor due to shear thinning. Note that the shear-thinning factor   s (  C p  ,  u w  )   is calculated explicitly in the numerical formulation. The two functions   a (  C p  )   and   s (  C p  ,  u w  )   are tabulated input parameters and can either be measured directly or calculated from some type of assumed functional form. The approach for defining water viscosity as a function of polymer concentration resembles the fully mixed case for the Todd–Longstaff formulation [47].



The interpolator (signifying degree of gelling) is given by


  ν = h  (  C n  ,  C p  )   ∫ 0  T 1   m  ( τ )  p  ( x , t ; τ )  d τ  



(A9)




where   h (  C n  ,  C p  )   is a tabulated function, and   m ( τ )   is a weight function defining how the age of the nanomaterials influences gel strength. The (normalized) function   m  ( τ )  , τ ∈  [ 0 ,  T 1  ]   , measures the increase in water viscosity (that is interpolator value) as a function of nanomaterial aging. Typically,   m ( τ ) = 0   for   τ ∈ [ 0 ,  T 0  ]  ,    m ′   ( τ )  > 0   for   τ ∈ 〈  T 0  ,  T 1  〉  , and   m (  T 1  ) = 1  , as illustrated in Figure A1.
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Figure A1. Weight function signifying that gelling is initiated when nanomaterials have age   T 0   and when gelling reaches maximal strength at age   T 1  . 






Figure A1. Weight function signifying that gelling is initiated when nanomaterials have age   T 0   and when gelling reaches maximal strength at age   T 1  .
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Consequently, the interpolator  ν  is zero when all nanomaterials have aged less than   T 0  . When all nanomaterials have aged more than   T 1  , the age profile p is set to   δ ( τ −  T 1  )  , meaning that the integral in Equation (A9) satisfies    ∫ 0  T 1   m  ( τ )  p  ( x , t ; τ )  d τ = 1  , giving the maximal value for this integral. We will refer to the integral in Equation (A9) as the age effect (at position x at time t). The function   m ( τ )   must be measured or estimated, keeping the nanomaterial and polymer concentrations constant. At this stage, we have assumed   m ( τ )   is independent of concentrations, but it would be straightforward to extend this function to depend on more variables. The other factor in Equation (A9),   h (  C n  ,  C p  )  , would reflect the gel strength as a function of the concentrations when all nanomaterials have the same age and must be measured or estimated from more basic principles. At maximal concentrations, it is assumed that   h = 1  , while   h (  C n  ,  C p  ) = 0   when either of the concentrations are zero (i.e., no gel forms). Thus, when all nanomaterials have aged more than   T 1   and when the nanomaterial and polymer concentrations sufficiently high (i.e., when   h (  C n  ,  C p  ) = 1  ), the interpolator is unity giving maximal value for water viscosity.




Appendix A.4. Numerical Realization, a Summary


It is important to formulate a numerical scheme that is as stable as possible. Consequently, the coupled conservation laws for water saturation, polymer concentrations, and nanomaterial concentrations are solved numerically using (mainly) an implicit scheme. As the model is spatially 1-D, not too many numerical grid blocks are needed, even for a fine spatial resolution. Few grid blocks also allow for using a small maximal time step without forbiddingly long simulation times. Therefore, the inherited numerical diffusion in implicit schemes can be limited by demanding short time steps and using a first-order implicit scheme (backward Euler) is sufficient for obtaining satisfactory precision. Also, the 1-D formulation results in a block structured Jacobi matrix (tri-block diagonal) in the Newton iterations, allowing for a generalization of the well-known explicit solution of linear equations when the coefficient matrix is tri-diagonal. Consequently, the solver for linear equations is non-iterative, very robust, and fast.



Not all terms are treated implicitly. The age effect    ∫ 0  T 1   m  ( τ )  p  ( x , t ; τ )  d τ   is updated at the end of the time step, meaning that only the factor   h (  C n  ,  C p  )   in Equation (A9) is treated implicitly. The age distributions p and q are also recalculated at the end of the time step by using “mass conservation” for nanomaterials of the same age and then by adding the time step length to the age of all present nanomaterials. Incidentally, problems were encountered when solving for the “mass conservation” of the variously aged nanomaterials. An explicit scheme for solving for the transport of various aged nanomaterials was rendered unstable, while a fully implicit scheme gave rise to forbiddingly high numerical dispersion. However, by using an explicit upstream and implicit downstream seems to give excellent profiles for the age distributions. A Google search for this explicit upstream, implicit downstream approach actually revealed one single previous paper on this topic [42].



We first describe how the conservation equations are solved numerically and then define how the age profiles are updated and how the age effect is calculated.




Appendix A.5. Conversion Equations


The phase mobilities are defined as


   λ i  =   k  r i    μ i   ,  i = w , o  



(A10)







First, we eliminate the pressure from the system of equations to obtain the standard Buckley–Leverett formulation. Adding the two equations given by Equation (A1) and using    S w  +  S o  = 1  , we obtain    ∂  ∂ x    (  u w  +  u o  )  = 0   which means that    u T  =  u w  +  u o  =  u T   ( t )   , where   u T   is the total volumetric flux defined by the boundary conditions. From Equation (A2), we then solve for the pressure (-derivative)


    ∂ P   ∂ x   = −   u T   k  λ T     



(A11)




where    λ T  =  λ w  +  λ o    is the total mobility. In particular, Equation (A11) is used for calculating the pressure after a converged time step. Note that the absolute permeability only enters in the model through Equation (A11) (not in the system of equations we solve) when the pressures are calculated for reporting purposes. Indeed, when using rate-controlled boundary conditions and incompressible flow, the pressure is not “an issue” as it is eliminated by Equation (A11) from the set of equations. Also, note that total volumetric flux    u T   ( t )    in Equation (A11) is given from the input data, not calculated. From Equation (A1) with   i = w  , we then obtain


  ϕ   ∂  S w    ∂ t   +  u T   ( t )    ∂  f w    ∂ x   = 0  



(A12)




where    f w  =   λ w   λ T     is the fractional flow of water. The mass conservation equations for nanomaterials and polymers given by Equation (A4) are then expressed as


   ∂  ∂ t     C k   ϕ  ( k )    S w  +  C  a k    (  C k  )   ( 1 −  ϕ  ( k )   )   ρ r   +  u T   ( t )   ∂  ∂ x    (  C k   f w  )  = 0 ,  k = n , p  



(A13)







The three equations given by Equations (A12) and (A13) are coupled and nonlinear and are solved for   S w  ,   C n  , and   C p   using Euler’s backward method, with the explicit exceptions referred to earlier.



Given   Δ x   and   Δ t   (  Δ t   varies in general for different time steps, while   Δ x   is assumed constant) at time   t =  t n   , we let    S w   ( i Δ x ,  t n  + Δ t )  ≈  S i  n + 1     and similarly for the other space and/or time dependent variables. Equation (A12) becomes


      E i    S  i − 1   n + 1   ,  C  N M , i − 1   n + 1   ,  C  p o l , i − 1   n + 1   ,  S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1    =           ϕ    S i  n + 1   −  S i n    Δ t   +  u T  n + 1      f i  n + 1     S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1    −  f  i − 1   n + 1     S  i − 1   n + 1   ,  C  NM , i − 1   n + 1   ,  C  p o l , i − 1   n + 1      Δ x   = 0     



(A14)




where we have dropped the w index for water saturation and fractional flow. In simulations, the time step is such that the total rate   u T   is constant in the corresponding time interval. We have assumed the direction of flow is with increasing spatial index value i and the water fractional flow is as indicated calculated using upstream weighted mobilities. As discussed, the water viscosity and, therefore, the water fractional flow f are not entirely implicitly calculated, as the age-profiles p and the shear-thinning effect are treated explicitly.



The flux term in Equation (A13) is also given by upstream weighting (assuming flow in direction of increasing index i).


      F  k , i     S  i − 1   n + 1   ,  C  NM , i − 1   n + 1   ,  C  p o l , i − 1   n + 1   ,  S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1    =  u T  n + 1      C  k , i   n + 1    f i  n + 1   −  C  k , i − 1   n + 1    f  i − 1   n + 1     Δ x   ,       k = n , p     



(A15)







The time derivative of the capacity term is approximated by


      G  k , i     S i  n + 1   ,  C  k , i   n + 1    =           ϕ  ( k )      C  k , i   n + 1    S i  n + 1   −  C  k , i  n   S i n    Δ t   +  1 −  ϕ  ( k )     ρ r     C  a k     C  k , i   n + 1    −  C  a k     C  k , i  n     Δ t   U   C  k , i   n + 1   −  C  k , i  n  ,  w k   ,       k = n , p     



(A16)




where


     U ( x , w )     = 1  if  w = 0   &   x ≥ 0 ,  or  if  w = 1       U ( x , w )     = 0  if  w = 0   &   x < 0     











Here,    w k  = 1   if desorption can occur for component   k , ( k = n , p )   and    w k  = 0   if desorption does not occur.



As the model presently allows only water to be injected, we have    q T  n + 1   =   Q w  n + 1   A   , where   Q w  n + 1    is the given volumetric injection rate for water in the time interval    t n  ,  t  n + 1     and where A is the cross-sectional area of the porous medium. Furthermore    f 0  n + 1   = 1  ,    C  k , 0   n + 1   =  C  k , i n j   n + 1    , and   k = n , p  , where   C  k , i n j   n + 1    is the given injection concentration of component k in the time interval    t n  ,  t  n + 1    , and is constant during a time step. Let   n x   denote the number of grid blocks. For   i = 1 , 2 , … ,  n x   , we then have the   3  n x    algebraic equations:


   E i    S  i − 1   n + 1   ,  C  NM , i − 1   n + 1   ,  C  p o l , i − 1   n + 1   ,  S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1    = 0 ,  



(A17)






   G  NM , i     S i  n + 1   ,  C  NM , i   n + 1    +  F  NM , i     S  i − 1   n + 1   ,  C  NM , i − 1   n + 1   ,  C  p o l , i − 1   n + 1   ,  S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1    = 0 ,  



(A18)






   G  pol , i     S i  n + 1   ,  C  pol , i   n + 1    +  F  pol , i     S  i − 1   n + 1   ,  C  NM , i − 1   n + 1   ,  C  p o l , i − 1   n + 1   ,  S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1    = 0 ,  



(A19)




for the   3  n x    unknowns    S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1   , i = 1 , 2 , … ,  n x   .



This set of nonlinear equations is solved using Newton’s method for systems of equations. The   3  n x  × 3  n x    Jacobi matrix is sparse, and the block diagonal where the block matrices are generally   6 × 6   matrices. Due to this structure, Gauss elimination does not destroy the sparse structure, and also the number of arithmetic operations in the Gauss-elimination only grows linearly with   n x  .



We will not write down the explicit formula for the Jacobi matrix as used in the computer code but report that the Newton iteration shows excellent second-order convergence using    S i n  ,  C  NM , i  n  ,  C  p o l , i  n  ,     i = 1 , 2 , … ,  n x    as the initial guess in the iteration, which actually validates the expressions obtained and used for the various partial derivatives needed for forming the Jacobi matrix.



One can also analyze the explicit expression for the matrix to conclude that the Jacobi matrix is always not near singular, and no attempt have been made at this stage for calculating the condition number for the matrix.



It is important that   C  NM , i   n + 1    and   C  p o l , i   n + 1    are scaled in the system of equations. This gives contributions from saturations and concentrations equal footing in the calculation of the residual in each Newton iteration.




Appendix A.6. Updating Age Profiles


At each position and at each time step, the nanomaterials in solution and the adsorbed nanomaterials each have their own age profile p and q. These age profiles are probability distributions on the interval   [ 0 ,  T 1  ]  , i.e.,   p ≥ 0   and    ∫ 0  T 1   p  ( x , t ; τ )  d τ = 1  , and likewise for q. No gelling (cross-linking) can occur before nanomaterials reach the minimum gelling age   T 0  . Maximally strong gel may form at a given position and time when all the nanomaterials in solution have reached age   T 1   (if also   h (  C n  ,  C p  ) = 1  ) and the water reaches its maximal viscosity; see Equation (A9)).



The numerical representations of   p ( x , t ; τ )   and   q ( x , t ; τ )   are given as follows: At time   t =  t n   , we let


  p  ( i Δ x ,  t n  ;  τ r  )  =  p i  n , r   ,  i = 1 , 2 , … ,  n x  ,  r = 1 , 2 , … ,  m n  ,  



(A20)




where   m n   is the number of ages at time   t n   and similarly for q. The age profile resolution    τ 1  ,  τ 2  , … ,  τ  m n     is dynamical, but the  τ  resolution is the same for every position at a given time, both for p and q.



At early times in the simulation, the list of ages,    τ 1  =  t n  −  t  n − 1   ,  τ 2  =  t n  −  t  n − 2   , … ,  τ  n − 1   =  t n  −  t 1  ,  τ n  =  t n   , is defined by the length of the time steps. When the (user-defined) maximum number of ages is obtained, the list of ages is recalculated. The maximal number of ages with    τ k  <  T 0    is a given input value, and the same applies for the maximal numbers of ages for    T 0  ≤  τ k  ≤  T 1   . When the maximum number of ages is reached, either ages younger than   T 0   or for ages in the interval   [  T 0  ,  T 1  ]  , the ages are redistributed evenly and the age fractions p and q corresponding to the new list of ages are recalculated to match the previous representation of p and q. The recalculation of p and q uses linear interpolation for obtaining new values of   p i  n , k    and   q i  n , k    and a renormalization to ensure    ∑  k = 1   m n    p i  n , k   Δ  τ k  = 1   and    ∑  k = 1   m n    q i  n , k   Δ  τ k  = 1  . When all ages of the nanomaterials in solution are older than   T 1  , the age effect entering in Equation (A9),    ∫ 0  T 1   m  ( τ )  p  ( x , t ; τ )  d τ   is simply set to unity.



Now, assume we have obtained    S i  n + 1   ,  C  NM , i   n + 1   ,  C  p o l , i   n + 1   , i = 1 , 2 , … ,  n x    at time   t =  t  n + 1     from solving the conservation equations. In addition, we know the age distributions   p i  n , k    and   q i  n , k    at time   t =  t n   .



The flux of nanomaterials having ages in the interval    τ k  ,  τ  k + 1     is


  p  ( x , t ; τ )   C n   ( x , t )   u w   ( x , t )  Δ τ = p  ( x , t ; τ )   C n   ( x , t )   u T   ( t )   f w   ( x , t )  Δ τ  



(A21)







To compute the x derivative, we will adopt an explicit upstream, implicit downstream method. That is, we will let


      ∂  ∂ x    p  ( x , t ; τ )   C n   ( x , t )   u T   ( t )   f w   ( x , t )  Δ τ  ≈   u T  n + 1    Δ x     p i  n + 1 , k    C  n , i   n + 1    f i  n + 1   −  p  i − 1   n , k    C  n , i − 1  n   f  i − 1  n   Δ τ     



(A22)







Thus,


   u T  n + 1     p i  n + 1 , k    C  n , i   n + 1    f i  n + 1   −  p  i − 1   n , k    C  n , i − 1  n   f  i − 1  n   Δ τ A Δ t  



(A23)




approximates the mass (or molar) of nanomaterials in solution with ages in the interval    τ k  ,  τ k  + Δ τ   flowing out of grid block     x  i − 1   ,  x i   , i = 1 , 2 , … ,  n x    during the time step    t n  ,  t n  + Δ t  . Here, A is the cross-sectional area of the model. As previously discussed, any other way of realizing the x derivative in Equation (A23) leads to nonphysical results, either highly unstable (using explicit both up- and downstream) or forbiddingly dispersive (using a full implicit formulation).



Assume first that the mass of nanomaterials flowing out of the grid block is negative. Then, the nanomaterial concentration increases locally, and consequently, no adsorbed nanomaterials will desorb at this position. Therefore, the age profile of the adsorbed nanomaterials   q i  n , k    at time   t n   will not affect the new age profile    p i  n + 1 , k   , k = 1 , 2 , … ,  m  n + 1     of the nanomaterials in solution at time   t  n + 1   . The mass of nanomaterials with ages in the interval    τ k  ,  τ k  + Δ τ   is


   p  ( x , t ; τ )   C n   ( x , t )   ϕ  ( n )    S w   ( x , t )  + q  ( x , t ; τ )   C  a n    (  C n   ( x , t )  )   ( 1 −  ϕ  ( n )   )   ρ r   Δ τ A Δ x  











Thus, numerically, the change of mass for these materials during the time step    t n  ,  t n  + Δ t   is


     [  ϕ  ( n )     p i  n + 1 , k    C  n , i   n + 1    S i  n + 1   −  p  i   n , k    C  n , i  n   S  i  n   +                              ρ r   ( 1 −  ϕ  ( n )   )    q i  n + 1 , k    C  a n    (  C  n , i   n + 1   )  −  q  i   n , k    C  a n    (  C  n , i  n  )   ] Δ τ A Δ x     



(A24)







We can eliminate   q  i   n + 1 , k    by noting that the increased mass of adsorbed nanomaterials at this time step is


    C  a n    (  C  n , i   n + 1   )  −  C  a n    (  C  n , i  n  )    ρ r   1 −  ϕ  ( n )    A Δ x  











Thus, the increased mass of absorbed nanomaterials (which all come from the nanomaterials in solution) with ages in the interval    τ k  ,  τ k  + Δ τ   is


   p i  n + 1 , k     C  a n    (  C  n , i   n + 1   )  −  C  a n    (  C  n , i  n  )    ρ r   1 −  ϕ  ( n )    A Δ x .  











Writing down mass conservation for absorbed nanomaterials of this age, we find


      p i  n + 1 , k     C  a n    (  C  n , i   n + 1   )  −  C  a n    (  C  n , i  n  )    ρ r   1 −  ϕ  ( n )    A Δ x +  C  a n    (  C  n , i  n  )   ρ r   1 −  ϕ  ( n )     q i  n , k   =        C  a n    (  C  n , i   n + 1   )   ρ r   1 −  ϕ  ( n )     q i  n + 1 , k   A Δ x     



(A25)







Using Equation (A25), we can then eliminate   q i  n + 1 , k    in Equation (A24).



Thus, formulating the mass conservation for nanomaterials of age    τ k  ,  τ k  + Δ τ   using Equations (A23) and (A24) (having eliminated   q i  n + 1 , k   ), we simply obtain an explicit formula   p i  n + 1 , k   . Then, from Equation (A25), we find the values for   q i  n + 1 , k   .



Assume now that the mass of nanomaterials decreases at a given position during a time step, i.e., that Equation (A23) is positive. Then, if the option for no desorption of nanomaterials is set, the age profile for the adsorbed nanomaterials stays the same (except that all the adsorbed nanomaterials age the amount of the time step) and    C  a n    (  C  n , i   n + 1   )  −  C  a n    (  C  n , i  n  )  = 0  . Thus, Equation (A25) is satisfied, and    q i  n + 1 , k   =  q i  n , k    . The mass conservation for   p i  n + 1 , k    can be solved directly.



If desorption of nanomaterials can occur, then Equation (A25) still applies and   p i  n + 1 , k    and   q i  n + 1 , k    can be found as previously described for the case when Equation (A23) is negative.



We also observe that the procedure for updating the age profiles is done independently for each k.



In Equation (A23) for   i = 1  , the age profile for the injected nanomaterials,   p 0  n , k   , has    p 0  n , 1   = 1   and    p 0  n , k   = 0   for   k ≥ 2  . That is, all injected nanomaterials have minimum age. Note that it is simple to modify the model to allow for a general user-defined age profile of the injected nanomaterials.



When   p i  n + 1 , k    and   q i  n + 1 , k    have been determined, the ages the distributions represent are of course increased by one time step and the k index is shifted one up. In fact, when the user-defined maximal number of ages is reached, the computer code will always recalculate the representations of the age profiles as previously described, since adding a new age will exceed the maximal number of ages.



Finally, the age profile    p i  n + 1 , k   , k = 1 , 2 , … ,  m  n + 1     is used for estimating the integral


   ∫   T 0    T 1   m  ( τ )  p  ( x , t ; τ )  d τ  



(A26)




the age effect.



Since m and p generally are represented with values at different nodes, we linearly interpolate p to match the nodes where m is given and calculate the integral using the trapezoidal method. This value for the age effect is then used in the upcoming new time step, where the other parameters defining water viscosity are treated implicitly in this new next time step (except the shear thinning effect).




Appendix A.7. Table-Based Input


A number of the functions needed for the model are table based, allowing for input generality. These functions constitute part of the input for the model and must be measured in the laboratory or estimated from physical principles. All tabulated functions are either functions of one or two variables. Numerical noise may result in function calls outside the given domain, which could lead to ambiguities and possible failure of simulation. For functions of a single variable (defined on an interval), the code will both interpolate and extrapolate linearly. However, the program issues a warning when it has to extrapolate a function outside its given domain, reporting which function and which out-of-domain argument value it extrapolates to.



Two-variable functions are defined on a rectangle    a , b  ×  c , d   . Two-variable functions are evaluated by successive linear interpolation. Concerning extrapolation outside the domain of definition for an argument   ( x , y )   which both has   x ∉  a , b    and   y ∉  a , b   , the error will be fatal and the program stops. In case of membership in only one of the intervals, the code will extrapolate linearly and report a warning.



Also, the various derivatives of table-defined functions are needed for the Jacobi matrix. The derivatives are piecewise constant and are calculated consistently with the linear interpolation of function values. Regarding extrapolation of derivatives, the values of derivatives are simply extended constantly outside their domains, both the ordinary and the partial derivatives.



As mentioned so far, the Newton iterations behave excellently, showing second-order convergence. This indicates that the implemented formulation and evaluation of function values and derivatives of table-based functions is sound and robust.
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Figure 1. Principle of delayed gelation [38]. Nanomaterials with (a) active cross-linking functionality, (b) blocked cross-linking functionality, and (c) partially blocked cross-linking functionality by undergoing slow hydrolysis. 
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Figure 2. System with delayed gelation based on Texas A&M technology [33] (adapted from a presentation by prof. Jenn-Tai Liang at an internal project meeting). 
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Figure 3. Schematic of the setup of the core flooding experiments. 
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Figure 4. Pore size distribution for Bentheimer sandstone. 
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Figure 5. Polymer/PEC solutions aged at 80 °C. (Upper left) Series 17 samples. (Upper right) Series 18 samples. (Lower left) Series 19 samples. (Lower right) Series 20 samples. 
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Figure 6. Aging of solutions in Series 23 collected during injection of nanomaterial/polymer solution in a core at 80 °C: Samples collected early (left) and collected at the end of the injection (right). 
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Figure 7. (a) Viscosity as a function of shear rate and polymer concentration for unreacted Alcomer 24 UK. (b) Reaction model for Alcomer 24 UK. 
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Figure 8. Comparison of nanomaterial/polymer injection phases. 
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Figure 9. Concentration of nanoparticles as a function of injected solution: Sensitivity simulations varying number of grid blocks in the model. 
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Figure 10. Comparison of normalized nanomaterial concentration at the outlet of the core from the experiment and simulation of Experiment 1 (Bentheimer): The normalized nanomaterial response is plotted as function of injected pore volume (PV). 
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Figure 11. Comparison of normalized polymer concentration at the outlet of the core from the experiment and simulation of Experiment 2 (Bentheimer): Conductivity measurements from the experiment and differential pressure over the core are also plotted. 
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Figure 12. Comparison of the experiment and simulation of co-injection of nanomaterials and polymers (Experiment 3 with Bentheimer): The nanomaterial response during the first injection slug in the experiment is assumed to be wrong. Conductivity measurements from the experiment and differential pressure over the core are also plotted. 
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Figure 13. Comparison of polymer response between Schlumberger ECLIPSE and the developed simulator. 
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Figure 14. Outline of the large-scale model. 
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Figure 15. (a) Age function for nanomaterials: T0 is at 30 days, and full cross-linking effect is reached at 33 days. (b) h-function (see Equation (A9)): two parameter function of polymer and nanomaterial concentrations. 
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Figure 16. Differential pressure response for the large-scale gelling simulation with (a) injection of 0.5 PV polymer and nanomaterial slug and (b) injection of 0.25 PV polymer and nanomaterial slug, both followed by SSW injection. 
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Table 1. Polymers used in the experiments.
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	Name
	Producer
	MW (MDa)
	Concentration (wt.%)





	Alcoflood 254 S
	BASF
	0.5
	0.5, 1.0 and 2.0



	Alcomer 24 UK
	BASF
	6
	0.25, 0.5, 1.0 and 2.0



	Flopaam 5115 VHM
	SNF Floerger
	12–15
	0.5, 1.0 and 2.0
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Table 2. Composition of synthetic seawater (SSW).
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	Salt
	Concentration (g/L)





	NaCl
	23.612



	CaCl2·2H2O
	1.911



	MgCl2·2H2O
	9.149



	KCl
	0.746



	Na2SO4
	3.407
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Table 3. Composition of polymer/polyelectrolyte complex (PEC) sample series with the concentrations in weight%.
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	Sample
	   C Polymer    (wt.%)
	   C HOS    (wt.%)
	   C PVS    (wt.%)
	     C pol  /  C HOS     
	     C HOS  /  C PVS     





	Series 17
	1.002
	0.380
	0.053
	2.64
	7.16



	Series 18
	1.004
	0.381
	0.136
	2.64
	2.80



	Series 19
	0.931
	0.382
	0.273
	2.64
	1.29



	Series 20
	1.000
	0.436
	-
	2.30
	-
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Table 4. Minimum concentration for gel formation for the different polymers with Cr3+ as the cross-linker.
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	Name
	Concentration (wt.%)
	Will Gel at (wt.%)





	Alcoflood 254 S
	0.5, 1.0, 2.0
	2



	Alcomer 24 UK
	0.25, 0.5, 1.0, 2.0
	>0.25



	Flopaam 5115 VHM
	0.5, 1.0, 2.0
	≥0.5
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Table 5. Porosities, initial and final permeabilities, and residual resistance factors for various aging times.
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	Exp. No.
	Porosity (Fraction)
	Aging Time (Fays)
	Abs. Perm. (mD)
	Final Perm. (mD)
	RRF





	1
	0.221
	7
	2653
	306
	8.7



	2
	0.221
	23
	2580
	5.2
	493



	3
	0.221
	66
	2706
	0.8
	3230



	4
	NM *
	Injectivity test
	2571
	-
	-



	5
	0.224
	53
	2710
	0.002
	158,000







* Not measured.
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