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Abstract

:

The experimental and numerical modeling of thermal enhanced oil recovery (EOR) requires a detailed laboratory analysis of core properties influenced by thermal exposure. To acquire the robust knowledge on the change in rock saturation and reservoir properties, the fastest way is to examine the rock samples before and after combustion. In the current paper, we studied the shale rock properties, such as core saturation, porosity, and permeability, organic matter content of the rock caused by the combustion front propagation within the experimental modeling of the high-pressure air injection. The study was conducted on Bazhenov shale formation rock samples. We reported the results on porosity and permeability evolution, which was obtained by the gas pressure-decay technique. The measurements revealed a significant increase of porosity (on average, for 9 abs. % of porosity) and permeability (on average, for 1 mD) of core samples after the combustion tube experiment. The scanning electron microscopy showed the changes induced by thermal exposure: the transformation of organic matter with and the formation of new voids and micro and nanofractures in the mineral matrix. Low-field Nuclear Magnetic Resonance (NMR) was chosen as a primary non-disruptive tool for measuring the saturation of core samples in ambient conditions. NMR T1–T2 maps were interpreted to determine the rock fluid categories (bitumen and adsorbed oil, structural and adsorbed water, and mobile oil) before and after the combustion experiment. Changes in the distribution of organic matter within the core sample were examined using 2D Rock-Eval pyrolysis technique. Results demonstrated the relatively uniform distribution of OM inside the core plugs after the combustion.
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1. Introduction


Unconventional reserves are of strategic importance to replenish the resource base in Russia and worldwide, and their successful development can play a crucial role in increasing oil production and repeatedly compensate for the decline in production from depleted traditional reservoirs [1,2,3].



Recently, thermal enhanced oil recovery methods have attracted a high level of interest because of their possible application to shale reservoirs [4,5]. One of the effective techniques is high-pressure air injection (HPAI), which involves the initiation of an oxidation front in the formation which does not only displace the oil by combustion gases, heated fluids, and steam but also causes an increase in the reservoir pressure and temperature [6,7]. The necessary critical conditions in the formation can be achieved artificially, in the laboratory by an external impact on the rock, for example, by thermal exposure. The most critical experiment for evaluating the effect and obtaining technological parameters is a combustion tube test [7,8]. The combustion tube (CT) test is the physical modeling of thermal exposure on porous media in formation conditions. It is conducted to assess the HPAI potential for a particular reservoir type as well as to obtain parameters for further upscaling of the technology in the field.



High-temperature exposure results in a significant evolution of the shale porosity and permeability due to kerogen transformation. This affects the reservoir properties and leads to a change in the rock’s porous structure and the expansion of the stimulated reservoir area. The change in petrophysical properties during thermal conversion is often evaluated by defining the porosity and permeability change [9]. Multiple studies are devoted to the study of the pore evolution during the controlled pyrolysis of the shales [10,11,12]. According to the published studies, heating (pyrolysis) of organic-rich shales generally leads to an increase in porosity and pore connectivity [13,14,15]. Tiwari et al. [16] investigate the oil shale before and after the pyrolysis and demonstrates changes in the pore structure of raw and pyrolyzed shale using X-Ray microcomputed tomography. They showed a porosity increase of 20–25% as a result of heating to a temperature of 500 °C. Kobchenko et al. demonstrated the first micro-fractures nucleation at a temperature of 350 °C using advanced real-time 3D X-Ray tomography [13]. Also, in the latter study [14], they stated that the reason for this fracturing is the expansion of organic matter (OM). Using a similar approach of 3D X-Ray tomography, Saif et al. noticed that a significant increase of porosity occurs at a temperature of 390° C (up to 20–25%); further heating mainly causes the growth of the pore connectivity [15]. Different essential factors in rock pyrolysis, such as confinement, are considered in the papers by [17,18,19]. Birdwell et al. and Lewan et al. reported intensive fracture evolution in Woodford Shale samples detected with X-ray tomography during hydrous pyrolysis with uniaxial confinement and absence of fractures without external forces [17]. The authors confirmed their conclusions in [18] and demonstrated minor lateral extension and absence of vertical fractures under uniaxial confining stress during the heating. Washburn et al. and Birdwell et al. showed an increase of liquid components with increasing thermal stress using NMR in [19]. To assess the changes in shale pore structure, a number of advanced laboratory techniques can be applied. For instance, Liu et al. presented the results on the evolution of oil shale pore structure from 23 to 650 °C by simulating in-situ pyrolysis using a TGA, MIP, and LPNA [20]. To estimate the organic matter (OM) transformation, pyrolytic chromatography of rock samples by the Rock-Eval method is required before and after the combustion. The parameters may serve as engineering guidelines for in-situ combustion or other HPHT processes [21].



To get a full picture of the changes before and after the thermal exposure during the combustion test, it is necessary to provide a detailed laboratory analysis of the core samples [9,22]. In the physical modeling of the combustion process, the tube is typically filled with unconsolidated core or core chips. However, the use of the crushed core pack is beside the purpose as the shale is characterized by low porosity and permeability. It is complicated to evaluate the saturation of the rock and kerogen conversion in the crushed samples caused by physical and chemical changes. First, one of the tasks of the current study was to investigate and analyze the petrophysical and geochemical rock properties caused by front propagation and oil displacement in organic-rich consolidated core samples (standard cylinders). The second was to select and check the viability of advanced laboratory techniques to control and to evaluate these changes.



One of the conventional methods for determining reservoir properties is standard pressure pulse-decay permeametry [23]. The investigation of reservoir properties of shale samples requires new or modified methodologies in comparison with ones adopted for the study of conventional reservoir rocks [24,25]. The reason is the low porosity and permeability values, the high content of organic matter (mainly solid) insoluble in organic solvents phase (kerogen), and the presence of high-carbon bitumen. Among the recent technologies used in studies of unconventional reservoirs, attention is paid to the identification of the fluids based on NMR relaxometry [26]. Low-field NMR relaxometry is often used as a non-destructive tool for determining the saturation and pore space structure of the low-porosity organic-rich rock [26,27,28]. Therefore, the main potential of kerogen-containing rocks is associated with the volume of hydrocarbons that can be generated from a unit volume of rock. In addition to the reservoir properties and liquid saturation, it is important to characterize the OM properties by Rock-Eval pyrolysis.



There are several ways to investigate the micromorphology of the samples [29,30]. Atomic force microscopy (AFM) allows for a detailed investigation of the sample surface with the calculation of morphological parameters [30]. Scanning electron microscopy (SEM) is widely used for the evaluation of rock texture and microstructure with secondary electron and backscattered electron detection in shales [29]. SEM was chosen as the method for studying the pores of nanometer size. The integration of the set of experimental techniques (gas permeametry, NMR, Rock-Eval pyrolysis, and SEM) allowed us to investigate the dynamics of changes in the physicochemical state of rock samples before and after exposure



In our previous papers, we presented the results of thermal exposure to source rock and the results of experimental and numerical simulation of thermal EOR on an example of the local shale Bazhenov Formation (BF) [31,32,33].



The Bazhenov Formation is one of the most prominent shale formations in the world, and it is characterized by a complex lithological structure, a high quantity of viscous components, and heterogeneity of the rock [34]. That is why thermal enhanced oil recovery techniques should be developed to unlock the oil shale potential [35]. The results of laboratory modeling of various thermal recovery methods for the Bazhenov Formation are presented in many publications [31,36,37]. In this study, we analyze the influence of thermal and oxidation exposure on petrophysical (porosity, permeability, saturation) and geochemical properties (OM quality) on the case of Bazhenov Formation rock samples. All the studies are conducted on standard-sized core plugs located inside the combustion tube.




2. Materials and Methods


2.1. Materials


The Bazhenov Formation (BF) is located in the Russian Federation with an overall area >106 km2 [2]. Stratigraphically BF is Upper Jurassic–Lower Cretaceous rock represented by organic-rich mixed carbonate-clay-siliceous rocks. The BF is located over most of the West Siberian Petroleum Basin with a variable thickness of 15–80 m and with an average of 25–30 m (Figure 1) [38]. Bazhenov oil shales were deposited in the deep marine environment characterized by anoxia. According to the Lazar classification [39], the Bazhenov rock samples are composed of different types of siliceous, argillaceous-siliceous and carbonate-argillaceous-siliceous rocks, which are enriched with OM. The organic matter (OM) contains the total organic carbon (TOC) in a range of 2 to 18 wt.% [40,41] and consists of kerogen, insoluble solid organic matter, and generating hydrocarbons, the quantity of which depends on the stage of maturity. The average mineral composition of the Bazhenov Formation is listed in Table 1.




2.2. Combustion Tube


This research was designed to investigate the change in reservoir rock properties and kerogen conversion induced by the temperature they were exposed to in the combustion tube experiment, the results of which are detailed in separate work [36]. We attached a short summary of the combustion tube test in Appendix A.



The core pack consists of oil-saturated rock samples from several fields of the Bazhenov Formation. As a result of the exothermic combustion, the maximum temperature achieved was 463 °C, and the pressure reached 27 MPa. The results demonstrated the high potential of a high-pressure air injection-based method for the development of BF deposits [31,36]. HPAI was physically simulated on BF core samples—from Oil field 1, Oil field 2, and Oil field 3 (Figure A1). Core plugs were evenly distributed along the combustion tube along with the sand and crushed core pack. The entire tube can be divided into 6 zones exposed to different maximum temperatures.




2.3. Methods


Diversity in sample origin (different oil fields) and their properties led to the difference in their after-combustion state. To test the effectiveness of HPAI in consolidated samples, we analyzed rock properties before and after the combustion. In the current study, this was performed by the NMR, Rock-Eval pyrolysis, SEM, and gas permeametry (Figure A2 in Appendix B).



The main requirement was a non-disruptive character of testing on consolidated core samples. The set of core plugs was analyzed in their initial state of saturation or as-received state (before combustion) and after the exposure. Air injection was stopped after the temperature of the fourth zone reached its peak temperature. The last two zones, packed with core chips, were exposed only to moderate temperatures; the combustion front did not pass through these zones (CT section).



The test goal (Table 2) was to reveal differences in the rock properties in the zones behind and in front of the combustion front; for this purpose, we analyzed the core from each temperature zone.



In this study, Bazhenov Formation cylindrical (30 × 30 mm) rock samples and accompanying rock chips from target four oil fields were selected for the investigation. Table 3 contains information about the samples selected for investigation.



2.3.1. Rock Characterization


Porosity and permeability were determined for the rock samples prior to the combustion test and right after. Measurements were carried out at the automated porosimeter Geologika PIK-PP unit (Figure A2), which employs the pulse-decay method [42]. The measurements were taken at a confining pressure of 3.4 MPa; nitrogen was selected as an injection gas. The porosity and permeability of 18 cylindrical rock samples were measured. Due to the low porosity of the samples and the high quantity of viscous components, the test was repeated at least three times, and the average value was reported. Mineralogy analysis on core powder (whole rock fraction < 2 mm) was performed using the benchtop Rigaku Smartlab X-Ray diffractometer unit.




2.3.2. NMR Relaxometry


All core plugs were analyzed using a 1H low-field (2 MHz) NMR unit—Geospec 2–53 (Oxford Instruments Inc., Abinden, UK). The parameters obtained included the T2 relaxation spectrum, saturation profile, and T1–T2 fluid identification maps. The core samples of BF were dried until the sample weight stabilized, saturated with decane, and additionally resaturated with a model of formation brine with consecutive NMR studies of the core sample at each stage of the experiment. The NMR results are interpreted out in accordance with existing methods of fluid identification [26,43,44,45]. Those methods were adapted for tight oil rock samples for the estimation of immobile and mobile fluid interpretation by separating residual water, oil, and effective oil saturation. In this work, a decane was utilized as a hydrocarbon liquid, and a brine model was prepared with deionized water and sodium chloride at a concentration of 20 g/L. The processing of data was accomplished by the commercial software package by Green Imaging Technologies Inc. (GIT, Fredericton, NB, Canada) Advanced v.7.5.1 [46].




2.3.3. Rock-Eval Pyrolysis


A study of the rock pyrolytic characteristics as the amount of hydrocarbons, total organic content and degree of maturity was performed using the Rock-Eval pyrolysis method [47,48]. We employed two types of sample preparation for pyrolysis (Figure A3). The core plugs were split into two halves, and one of them was divided into segments according to the scheme. For most of the samples, the probe preparation consisted of drilling a hole in the center of the plug (Figure A3a). In other cases, the depth of each hole was fixed at 5 mm, and the core was divided into zones taking into assumption the cylindrical geometry (Figure A3b,c). The choice of the drilling scheme depended on the core fragility and its size.



Each segment was analyzed for the OM content and quality (TOC content, S1, S2, S3, and other parameters) to characterize the transformation of OM in the rock by general and 2D pyrolysis technique.




2.3.4. Scanning Electron Microscopy


SEM was used for high-resolution 2D imaging and rock structure characterization. By means of the Thermo Fisher Scientific Quattro S electron microscope, we analyzed small rock probes (3–5 mm in size) split from main samples. The microscope allowed us to work with an electron beam current range from 1 pA to 200 nA with accelerating voltage 200 V to 30 kV. The highest spatial resolution was 5 nm (30 kV). Scanning included using secondary electrons (SE) and backscattered electrons (BSE), magnification range ×500–35,000 k, acceleration voltage 10–15 kV, working distance 9–11 mm with approximately 5–6 nm maximum pixel size [49]. The dimensions of the resulting images are 1536 × 1094 px.






3. Results


3.1. Gas Porosity and Permeability after Thermal Exposure


Before and after the combustion tube test, the entire set of core samples underwent testing on a standard gas permeameter used for determining the reservoir properties such as porosity and permeability. In addition, all core plugs were photographed after the combustion in order to record the visual changes (Figure 2).



The photographs of samples subject to thermal exposure illustrate the visible changes in the rock matrix. The images show how rock samples have changed color: two samples (#2 and #3) of Oil field 1 changed color to coral-red, which may be caused by the increased pyrite content in the samples and its oxidation. In samples #16 and #18 of Oil field 3, drops of bitumen are observed. In sample #14 of Oil field 2, we can notice a newly formed fracture.



The first non-contact characterization method was porosity determination by nitrogen flow and pressure decay. We obtained total porosity and permeability for 10 samples before and after combustion (Figure 3). We observe the significant increase in porosity values defined by nitrogen injection due to increased void space in the core cylinders. It may be caused by emptied void space and the occurrence of artificial fractures.



The full data of porosity and permeability is summarized in Table 4. We can note the tendency of a significant increase in both parameters at high exposure temperatures. This confirms the front propagation and reflects the importance of reached temperature on porosity and pore connectivity evolution.




3.2. Investigation of the Porous Structure by SEM


SEM studies showed that samples in an as-received state (before the experiment) initially had a small pore size (up to 2–4 µm in size). Neither fractures nor disintegrations were observed. Sample #12 was characterized by unevenly distributed voids (less than 2 µm) associated with the crystal structure (Figure 4). The organic matter in the sample was not porous; the size of OM particles varied between 0.5–20 µm (Figure 5). Slightly larger and homogenous pores were identified in sample #16 (up to 4 µm). OM inclusions were significantly bigger in size (up to 55 µm) and characterized by internal voids, which were in the 0.4–10 µm range.



After the combustion experiment, both samples showed new voids appearing in the porous volume, initially filled by organic matter (Figure 5). Some OM inclusions looked to be shrunk after the heating and did not occupy all available space around them; this effect was observed mainly for sample #16 (Figure 6). The most common and evident change is new fractures, which formed along with the lamination in µm–nm scales (Figure 7). Some fractures intersected each other and formed a connected channel (Figure 7a). The fractures at a smaller scale (50 µm and less) were mainly closed and very thin (up to 1–2 μm); thus, they did not contribute to the increase of porosity and permeability after the combustion. Finally, we observed a noticeable increase in pore size and homogeneity of its distribution in sample #16 (Figure 8).




3.3. Development of the T1–T2 Interpretation Scheme


In the framework of rock analysis before and after the thermal exposure, we did not have an opportunity to employ the multistage NMR analysis of the rock at different states of saturation. For this reason, we conducted a detailed NMR analysis of 5 core plugs (n1–n5) in order to develop the T1–T2 interpretation scheme for target collection prior to the main experimental section. The selected shale samples had similar petrophysical, geochemical properties, and lithotype.



The core plugs underwent a 4-step routine core analysis, including drying, a saturation of the rock with water and decane. For each of the samples studied, an individual interpretation of T1–T2 maps was carried out, and the values of water and oil saturation were calculated. An example of the T1–T2 maps for representative sample n5 is illustrated in Figure 9. We observed the change of fluid signal of the rock at different stages of saturation. This enabled fluid separation in the sample based on the information obtained.



An increase in the fluid viscosity is accompanied not only by changes in the T1 and T2 relaxation times but also, most importantly, by the ratio of longitudinal relaxation time to transverse relaxation time T1/T2. As an empirical basis for the interpretation of the two-dimensional distributions of T1–T2 for shale, first, the statements of Fleury et al. [28] obtained for gas- and oil-bearing shales, as well as the two-dimensional distributions of Washburn et al. [50] are widely used. The algorithm for investigating oil shale using NMR with an operating frequency of 2-MHz is discussed in the works of Rylander et al. [51]. A qualitative interpretation of 2D T1–T2 distributions is proposed in accordance with the conditional algorithm presented in the paper of Kausik et al. [52]. The separation of water-oil-type fluids, as well as the pore space geometry, is based on the apparent contrast of the T1/T2 ratio for the various pore populations. Recently, many scholars have presented their own interpretation schemes of T1–T2 maps for shale rock [20,53,54,55,56]. The most detailed identification is yielded at higher frequency (~20-MHz) NMR units, whereas the 2-MHz units are limited to the resolution in the field of low T2 relaxation times. Therefore, for the identification of the signal, we mainly referred to the simplified scheme by Li et al. [57].



In the as-received or primary saturation state, there is an insignificant signal region of reduced T1/T2 (2–10 ms/ms) and low T2 (less than 1 ms) area, which is responsible for water bound by clay minerals (Figure 9a)—drying the sample results in a significant change in the NMR signal in the clay and bound water region of the porous medium (Figure 9b). T1–T2 maps (Figure 9a–d) show that decane resaturation is predominantly indicated by an increase in NMR signal due to the T1–T2 distribution region with low T1/T2 ~ 1 and long T2 (40–300 ms), which indicates the filling of large pores of the inorganic matrix (IP—inorganic porosity). This proportion in the structure of the void space of the sample is dominant. With a small number of large pores, the NMR signal in the region of long T2 is usually leveled. The volume of pore space in the region of large pores is equal to more than 60% of the total volume of pore space recorded after the sample is saturated with the decane.



Based on the results for other samples (n1–n4) and published interpretation schemes, we analyzed and proposed the T1–T2 map fluid interpretation scheme for target rock samples by highlighting the main fluid populations. The presented collection of samples of the Bazhenov formation demonstrated different reservoir properties (porosity and pore size), which is caused by a high degree of heterogeneity in composition, structured pore space, and surface properties. Therefore, we simplified the T1–T2 scheme focusing on hydrogen populations corresponding to bitumen and adsorbed oil, structural and adsorbed water, and mobile oil in IP. The development of this interpretation scheme enabled the ready framework to be set for further analyses of the core saturation and oil displacement for T1–T2 maps of rock before and after the air injection in CT.




3.4. NMR Analysis


NMR enables tracking of the change in porous space occupied by fluids and provides this value both in volume (cc) and in porosity (%) units. We utilized the NMR for registering the fluid saturation by a number of selected tests: CPMG T2 relaxation, 1D saturation profile, and T1–T2 map for fluid separation. Samples before and after the combustion tube were analyzed according to the proposed methodology; at each stage, the series of above-mentioned test types were repeated with the same parameters (Figure 10).



After the combustion, there was a near-zero volume of fluids left in the samples (Figure 11). At first approximation, the residual fluid saturation for target rocks depends on their initial saturation, the temperature of the zone, and the combustion tube section. We clearly observed an apparent decrease in total fluid volume for samples that were exposed to 300–369 °C, whereas in sections with higher temperatures, the fluid was almost completely removed. Exceptions can be explained by the example of sample #15, where a certain amount of fluid remained after exposure to 422 °C. This sample was located in CT section, which is near the end of the propagation front. We explain remaining fluid by the generated oil. Thus, the results of measurement mainly indicate the displacement and burning of hydrocarbons from cylindrical samples along the combustion front, but this difference is controlled by several factors. These factors primarily include the petrophysical background of the rock samples (rock lithology, OM properties) and experiment conditions (temperature in the CT zone, location in CT, and duration of exposure).




3.5. OM Characterization by Rock-Eval Pyrolysis


The OM properties of the target samples (rock specimen taken from the same depth within a well section) are characterized by the Rock-Eval technique (Table 5). According to S2 values, samples 1/2 and 13/15 show extremely high generation potential. TOC content varies in the range of 5.39–16.98 wt.%. According to the pyrolytic parameters, the maturity of Oil field 1 and Oil field 2 is at the beginning of the oil window. Oil field 3 parameters correspond to the peak of oil generation. All specimens of the initial samples were prepared using a single-point drilling scheme. The same applied to most samples after combustion resulted in core fragility.



To better understand the effect of the combustion front on a larger scale (than that used for sand or core pack), we decided to perform 2D pyrolysis on three samples after the CT experiment. The core plugs were selected from different sections of the tube: #12 (Figure 12b) and #15 (Figure 12c) from the highest temperature zone 4, #10 (Figure 12a)—from the lowest temperature zone 6. Heat maps, showing distributions of free hydrocarbons, as the sum of peaks S0 and S1 in classic pyrolysis, kerogen (S2 in classic pyrolysis), and TOC values for three samples are shown in Figure 12, correspondingly.



Samples #10 and #12 were initially characterized by similar values of non-transformed kerogen according to the S2 parameter (Table 5). Figure 12a shows that sample #10 from the low-temperature zone (6.1, 207 °C) has a relatively uniform transformation of organic matter in its volume. The opposite type of distribution of non-transformed kerogen (S2) is observed in sample #12 from high-temperature zone 4.1, 463 °C (Figure 12b). The zones A1, C4, D4, E:1–4 of sample #12 (S2) exhibit a higher transformation degree than in other analyzed points, which can be explained by an initial uneven distribution of OM or the impact of void structure (for example, fractures occurred) on the OM transformation process during combustion. Overall, sample #12 (Figure 12b) shows the full conversion of kerogen, which is confirmed by the low content of free hydrocarbons. It proves that a temperature of 463 °C is sufficient for the near-complete conversion of the organic matter in the consolidated core samples. This confirms that the combustion front has passed through the entire rock sample. From the distributions of free hydrocarbons (S0 + S1), also more uniform distribution is shown in the volume of sample #10 comparing with sample #12. Therefore, sample #15 was exposed to a lower temperature (422 °C) than that for sample #12, and might store a liquid oil phase that was not removed from the combustion tube. Sample #15 (Figure 12c) also comes from the high-temperature CT section, but it shows significant residual saturation. First of all, a certain amount of kerogen remains in the sample. A second, relatively high value for S0 + S1 and TOC indicates the presence of liquid free oil. It can be explained by the location of the sample at the border of zones 4 and 5 (end of combustion propagation), and therefore the remaining amount of generated oil in the rock.



The Rock-Eval study of fragile core samples #1–3, 13, 15, 18 from other temperature zones was carried according to the scheme in Figure A3a, where the pyrolysis probe was drilled out in the central part of the plugs. The values obtained are listed in Table 6.





4. Discussion


Each section in the combustion tube contained up to four core plugs. At least one representative sample from each CT section was selected for the analysis, including NMR, Rock-Eval pyrolysis, and gas porosimetry. We attempted to obtain the maximum knowledge on the reservoir and geochemical properties of the rock. Gas porosimetry was used to evaluate the porosity and permeability evolution of the rock. NMR relaxometry examined the saturation and porous space changes induced by combustion; pyrolysis analyzed the kerogen conversion in exposed rock species.



NMR measured the change in total fluid volume of the sample and the spatial saturation using 1D NMR profiling. We used T2 relaxation curves for illustrating the distribution of fluid-occupied pores inside the rock (Figure 13a,b). Images illustrate how the liquid phase was redistributed in the samples exposed at different temperatures. Sample #2 (located in Section 2.2) shows a decrease in the number of pores filled with the heavy components, and residual fluid relocation to larger pores, after the combustion. In the case of sample #12 (CT section—where the temperature reaches the maximum value), we observe the entire removal of mobile fluids and a small number of heavy components in the microporous region.



Additionally, we utilized the developed NMR T1–T2 interpretation scheme for registering the change in saturation and residual fluid types in the rock samples. In general, the total fluid volume is applicable for estimating the common saturation level change in rock and evaluate the influence of thermal exposure in the tube. Therefore, the disintegration of HC populations (fluid types) might be useful for modeling the thermal EOR processes and validation with experimental data. As explained earlier, in the Results section, we developed a simplified T1–T2 interpretation map by reducing the number of fluid categories to bitumen and adsorbed oil, structural and adsorbed water, and mobile oil in IP. The summary of the samples investigated before and after CT is provided in Table 7.



We applied the Rock-Eval technique in two different modes: standard analysis of the single probe per sample and so-called 2D pyrolysis technique, where the entire plug was investigated using multiple drilled holes. Three samples were chosen for 2D pyrolysis: sample #10 (197 °C) and samples #12 (463 °C) and #15 (422 °C). Results demonstrated that the temperature of 463 °C is sufficient for the near-complete conversion of the organic matter in the consolidated core samples. Results of 2D pyrolysis showed an uneven distribution of organic matter by area in a cylindrical core sample #10. It is noted that the most intensive organic matter transformation was in the middle of the sample. NMR analysis also confirmed the absence of a liquid phase in sample #12 and confirmed its presence in samples #1, 2, 10, and 15.



In this work, we attempted to define the correlations between parameters obtained, such as gas porosity and permeability, residual saturation by NMR, S2 value, and exposed temperature (Figure 14). Notably, for all samples, we observed an increase in porosity and permeability. A crossplot for gas porosity relative change (Figure 14a) shows that there is a good correlation between porosity and the section temperature. In the case of NMR saturation of the rock (Figure 14b), we observed a direct relation of change in NMR fluid volume and CT zone temperature. At higher temperatures in CT, more HC fluid in the rock is displaced, resulting in lower residual saturation by NMR. When plotted for gas permeability (Figure 14c), it is less pronounced and can be applied for mainly 3–4 samples (in the 400–470 °C range). This also applies to the S2 value change (Figure 14d), which directly indicates the kerogen transformation in rock. Decreased S2 values prove the generation of synthetic oil during the combustion process. In turn, NMR and Rock-Eval results demonstrate the presence of liquid oil, which remains in rock samples and therefore, is not collected at the tube fluid samplers. For this reason, the TOC content should not be considered as an OM indicator within the combustion experiment.



However, samples exposed to the same temperature demonstrate different behavior. This confirms the presence of multiple factors influencing the change in rock properties. Besides the CT section temperature, other important factors include the rock lithology, OM content, and maturity. Thus, the exposure temperature, location in the combustion tube (section), and initial properties of the rock might significantly affect the combustion results. In our case, we investigated samples from three oil fields with different rock lithology and OM maturation (Table 3). Oil fields 1 and 3 are of similar rock lithology—siliceous organic-rich shales. Oil field 2 is represented by mixed argillaceous-siliceous rocks. In turn, all oil fields have various OM maturity—oil fields 1 and 2 are at the beginning of the oil window but with higher generation potential for oil field 2. Rocks from Oil field 3 have OM at the peak of oil generation, and, therefore, they demonstrate distinct behavior (samples #16 and #18—Figure 14a,c,d). At the same time, samples #12 and #14 were exposed to the same temperature (463 °C and 461 °C, accordingly) and had a relatively same order of porosity and permeability before the experiment. However, their final values of porosity and permeability are drastically different (Table 4, Figure 14). Samples #13 and #14 from oil field 2 show very high gas porosity (26% and 32%) and permeability (5.7 mD and 4.2 mD). It can be explained by specifics of mineral composition (as for argillaceous-siliceous mudstone), higher OM maturity (than that for oil field 1), a higher amount of transformed kerogen (proved by S2 values), or other technical reasons such as the occurrence of large fractures and voids. In other words, it is crucial to account for the rock heterogeneity in original reservoir properties and technical specifics of the experiment when modeling the HPAI for target oil fields.



The standard practice of laboratory HPAI experimental data interpretation includes recording the change in temperature profiles during the test. The reservoir and geochemical properties of rock before and after the thermal exposure can be applied to the combustion tube characterization (Figure A4). In other words, data by gas porosimetry, NMR, and Rock-Eval pyrolysis can become an excellent addition to conventional probe sampling (fluid probing and crushed core investigation) due to exclusive information on shale fluid saturation and OM conversion. Hence, it is recommended to enhance the standard laboratory HPAI combustion tube protocol and to include a comprehensive analysis of core plugs using available non-invasive techniques. Known parameters of the tube (section length) and size for each particular sample makes it possible to correlate the saturation level and other parameters with the location of the test cylinder. Thus, complementary analysis of standard rock samples enables the maximum knowledge to be obtained on the physical and chemical processes within the laboratory thermal EOR tests.



As with the majority of studies, the design of the current study is subject to technical and experimental limitations that could be addressed in future research. First, limited core material and core fragility caused difficulties when planning the integrated analysis of rock using available methods. For instance, different probe preparation requirements preclude the conduct of multiple tests on a single core. Second, for the same reason, we attempted to analyze the changes in rock properties using a reduced number of recognized experimental techniques. Third, the initial heterogeneity in petrophysical parameters complicated the analysis of factors influencing the change of reservoir properties and saturation for target rock samples.



In summary, we demonstrated that a detailed and integrated study of rock samples in laboratory modeling of the thermal EOR method (HPAI or ISC) significantly advances the research results. The further steps of our research involve increasing the number of rock samples investigated and experimental techniques used by adding more novel techniques such as X-Ray microcomputed tomography and low-temperature nitrogen adsorption for investigation of the nano- and micro-sized porous structure of the rock.




5. Conclusions


Rock samples from the Bazhenov Formation were subject to the combustion tube experiment and analyzed by the suite of both conventional laboratory (pressure-decay porosimetry and permeametry) and novel non-destructive techniques such as NMR relaxometry. To supplement the NMR results, we utilized 2D pyrolysis to study the distribution of OM after combustion and SEM to characterize the changes in the rock porous structure. In summary, the following points can be highlighted:




	
The gas pressure-decay technique revealed a significant increase of porosity (on average, for 9 abs. % of porosity) and permeability (on average, for 1 mD) of core samples after the CT experiment. Samples located in high-temperature zones showed a direct correlation between the measured parameter and the combustion temperature. However, the changes were also conditioned by the initial properties of the core plugs, such as rock lithology and OM properties.



	
The NMR T1–T2 fluid identification scheme was proposed by the results of preliminary research conducted on five core samples with a similar lithological type and reservoir properties. We applied the proposed scheme in the analysis of the T1–T2 maps obtained for samples before and after combustion. Interpretation of the maps allowed us to categorize the total fluid saturation into several fluid types (bitumen and adsorbed oil, structural and adsorbed water, and mobile oil in inorganic porosity) and estimate the changes induced by thermal exposure.



	
Rock-Eval pyrolysis was performed in 1D and 2D testing modes, which elicited detailed knowledge on combustion front propagation inside the core plugs from different combustion tube zones. 2D pyrolysis technique demonstrated the relatively uniform distribution of OM inside the core plugs after CT. In addition, values of S0 and S1 indicated a certain amount of oil remaining in rock samples. We explain it as newly generated synthetic oil, which was trapped in the pores due to hindered migration in low-permeability rock. It can lead to the inaccurate interpretation of laboratory-scale combustion experiments involving crushed rock samples since a significant amount of generated oil remains in the core material and is not accounted for in the final material balance.



	
SEM of rock samples revealed that heating of the organic-rich shales leads to at least two processes: the transformation of OM during the heating with the formation of new voids and the formation of micro and nanofractures in the mineral matrix. All these alterations increase the porosity and homogeneity of pores distribution in the rock.



	
NMR T2 results included the determination of fluid saturation of the sample, as well as the pore size distribution before and after the combustion experiment. For low-permeability samples, NMR and Rock-Eval pyrolysis proved to be useful and reliable tools in determining the saturation of fragile core plugs and types of hydrocarbons in the rock, which can be applied in the assessment of the amount of displaced oil. In turn, conventional porosimetry also demonstrated satisfactory results in the estimation of open porosity and permeability of the rock.








In summary, the results of this preliminary research can prove a solid base for the new protocol of laboratory thermal air injection modeling, including non-disruptive testing of consolidated core samples.
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Appendix A. Combustion Tube Test Details


A combustion tube experiment was performed in order to assess the potential of the HPAI method for rocks of the Bazhenov Formation [36,37,56]. The combustion tube consisted of 14 sections, equipped with individual external heaters, continuous temperature control on the section wall, and in the central part. The temperature control was carried out using built-in thermocouples. To reduce the outflow of heat into the environment, each sector on top of the heater was covered with thermal insulation. The parameters obtained in the experiment (combustion front’s speed, maximum reaction temperatures, and composition of the gases) were used in the numerical simulation of the HPAI process. We used a bulk model consisting of rock samples from target oil fields as a porous media in the tube. The reservoir temperature was equal to 100 °C, and the reservoir pressure was 27 MPa. The bulk model was saturated with a probe of degassed oil.



The combustion tube was filled with crushed rock with a fraction of 0.1–1 mm and consolidated samples of various shapes. The first two sections were filled with sand and rock samples of the Bazhenov Formation, the next four—only with the Bazhenov Formation’s rock samples, the remaining eight—with sand. The layout of the samples is shown in Figure A1.
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Figure A1. Location of the analyzed samples in the combustion tube (Modified after [37]). Zone numeration corresponds to the CT section numbers. 
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[image: Applsci 10 09065 g0a1]





The prepared bulk model of the combustion tube was pressurized with dry air, and then the model’s gas permeability (to air) at ambient temperature (22 °C) was measured. It was equal to 2.8 μm2. Then, 5 L of oil was injected through the tube from bottom to top. The combustion tube’s pore volume and the initial oil saturation were determined based on volumes of injected and released oil. The pore volume and porosity were 2138.4 cm3 and 29.8%, respectively, and the initial oil saturation was 100%. In addition, the bulk model’s initial permeability for oil at ambient temperature (22 °C) was determined (3.3 μm2). Based on the results of the high-pressure differential scanning calorimetry (DSC) performed at a pressure of 8 MPa and a heating rate of 1 °C/min, it was decided to heat the first two sections to a temperature of 200 °C to accelerate the initiation of combustion. In all other sections, a reservoir temperature of 100 °C was maintained. The experiment was carried out in the following order.




	
Nitrogen was injected through the vertical combustion tube at a pressure of 8 MPa with a volumetric flow rate of 2.4 L/min, while the tube was heated by zones until it reached the specified temperature regime.



	
After the combustion tube reached the specified temperature regime, the air injection began with a volumetric flow rate of 2.4 L/min.



	
With a predetermined frequency, samples of the displaced fluid and gas samples were probed at the outlet of the combustion tube in order to determine the content of carbon dioxide, carbon monoxide, nitrogen, hydrogen sulfide, and hydrocarbon gases. According to the temperature logs, the propagation of the combustion front along the tube was recorded.



	
At the final stage of the experiment, the external heating was turned off in order to stop the generation of hydrogen sulfide inside the tube.



	
Rock samples were extracted from each section of the tube for further research. The air supply was stopped when the oil combustion front reached Section 5. Thus, the samples in CT section were not exposed to high temperatures.








At each stage of the experiment, the gas and oil sample composition was analyzed to assess the intensity of the oxidation reactions. Rock-Eval pyrolysis of the crushed core before and after the chemical and thermal exposure was conducted. The total residual oil saturation in the core pack was 2%. Minimal residual oil saturation was observed in zones that the combustion front has passed through, whereas the maximum oil saturation corresponds to the areas in front of the combustion front. Conversion of kerogen was observed ahead of the combustion front. The maximum temperature that was achieved as a result of the exothermic combustion reactions was 463 °C.
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Figure A2. Photographs of the experimental units. 
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Figure A3. Core drilling schemes (a) single-point in the middle of the sample; (b) 5 × 4; (c) drilling illustration. 
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Figure A4. Gas porosity and permeability, NMR fluid volume, and TOC content before and after the combustion. Samples are located along the tube length, and sections counted from left to right, similar to the combustion front propagation. 






Figure A4. Gas porosity and permeability, NMR fluid volume, and TOC content before and after the combustion. Samples are located along the tube length, and sections counted from left to right, similar to the combustion front propagation.
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Figure 1. The geographical location of the Bazhenov Formation. 
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Figure 2. Photographs of cylindrical samples after the combustion tube experiment (modified after [37]). 
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Figure 3. Change in gas porosity before and after the combustion. 
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Figure 4. SEM images of the samples before the experiment: (A) voids in the sample #12, (B) organic matter in sample #12; (C) voids in the sample #16/18, (D) porous organic matter in the sample #16/18. 
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Figure 5. Voids initially filled with OM. SEM images of the samples after the experiment (A) sample 12, (B) sample #16. 
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Figure 6. Shrinkage of OM, arrows indicate vacated space around an inclusion. SEM images of the sample #16 after the experiment. 
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Figure 7. Newly formed fractures after the experiment on different scales, (A) sample #16, (B,C) sample #12. 
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Figure 8. Pores in the sample #16 after the experiment. 
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Figure 9. T1–T2 maps of BF sample—Sample n5—in (a) as-received state; (b) dried state; (c) decane-saturated state; (d) brine-resaturated state. 
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Figure 10. NMR analysis of sample #16: (a) T2 relaxation before (blue) and after CT (red); (b) T1–T2 map for as-received sample; (c) saturation profiles before (blue) and after CT (red); (d) T1–T2 map for the burnt sample. 
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Figure 11. Change in the fluid saturation by NMR after the combustion. 
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Figure 12. Distributions of S0+S1 (evaporated hydrocarbons content, mg HC/g rock), S2 (HC products of kerogen decomposition content, mg HC/g rock), and TOC (%wt.) after thermal exposure in samples (a) #10; (b) #12. (c) #15. 
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Figure 13. Pore size distribution for target samples (a) #2, CT section; (b) #12, CT section 
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Figure 14. Cross plot of (a) porosity by gas; (b) permeability; (c) residual saturation by NMR; (d) residual TOC vs. temperature. Change of porosity and NMR fluid volume is calculated as follows: Change (fraction) = (parameter before CT − parameter after CT/parameter before CT). Triangle-shaped symbols indicate the measured parameter before CT. Samples #13 and #14 are not demonstrated at (a) due to high values of gas porosity (see Table 4). 






Figure 14. Cross plot of (a) porosity by gas; (b) permeability; (c) residual saturation by NMR; (d) residual TOC vs. temperature. Change of porosity and NMR fluid volume is calculated as follows: Change (fraction) = (parameter before CT − parameter after CT/parameter before CT). Triangle-shaped symbols indicate the measured parameter before CT. Samples #13 and #14 are not demonstrated at (a) due to high values of gas porosity (see Table 4).
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Table 1. Rock-forming minerals of the target formation.






Table 1. Rock-forming minerals of the target formation.





	
Mineral Composition (%)




	
Quartz

	
Clay Minerals

	
K Feldspar

	
Na Feldspar

	
Pyrite

	
Dolomite






	
61.2

	
27.7

	
0.0

	
8.9

	
0.6

	
1.6
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Table 2. Test design strategy.






Table 2. Test design strategy.





	Experiment
	Sample
	Objective





	Porosity and permeability by gas
	Cylinders, 30 × 30 mm
	Change in porosity and permeability under different temperature exposure



	NMR relaxometry
	Cylinders, 30 × 30 mm
	Evaluation of the change in saturation by NMR



	Rock-Eval pyrolysis

SEM
	Core powder, 30 mg

Core chip, 3 × 3 mm
	Study of the OM transformation
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Table 3. List of the investigated samples.






Table 3. List of the investigated samples.












	Sample ID.
	Oil Field
	Lithology
	CT Zone
	Exposed Temperature (°C)





	1
	Oil Field 1
	Siliceous rocks
	2.1
	301



	2
	
	
	2.2
	369



	3
	
	
	3.1
	430



	10
	
	
	6.1
	207



	12
	
	
	4.1
	463



	13
	Oil Field 2
	Mixed argillaceous-siliceous rocks
	2.2
	368



	14
	
	
	3.4
	461



	15
	
	
	4.2
	422



	16
	Oil Field 3
	Siliceous rocks
	2.1
	300



	18
	
	
	3.1
	430



	n1, n2, n3, n4, n5
	Oil Field 4
	Mixed argillaceous-siliceous rocks
	n/a
	n/a
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Table 4. Gas porosity and permeability before and after the combustion.






Table 4. Gas porosity and permeability before and after the combustion.














	Sample ID
	Section
	Temperature (°C)
	Porosity before CT (%)
	Permeability before CT (mD)
	Porosity after CT (%)
	Permeability after CT (mD)





	1
	2.1
	300
	1.07
	0.004
	4.04
	0.062



	2
	2.2
	368
	1.28
	0.003
	1.91
	0.034



	3
	3.1
	430
	0.54
	0.033
	8.27
	0.769



	10
	6.1
	207
	0.95
	0.003
	0.84
	0.014



	12
	4.1
	462
	1.41
	0.003
	7.24
	0.030



	13
	2.2
	368
	0.58
	0.024
	26.07
	5.770



	14
	3.4
	461
	0.47
	0.012
	31.92
	4.277



	15
	4.2
	422
	0.62
	0.007
	1.27
	0.085



	16
	2.1
	299
	2.81
	0.053
	3.30
	1.591



	18
	3.1
	429
	2.43
	0.065
	18.39
	0.577



	Avg.
	
	
	1.22
	0.021
	10.33
	1.321



	SD
	
	
	0.81
	0.02
	11.18
	2.04
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Table 5. Pyrolytic properties of samples before CT.






Table 5. Pyrolytic properties of samples before CT.





	
Sample ID

	
Oil Field

	
S1

	
S2

	
S3

	
TOC

	
Tmax




	
mg HC/g Rock

	
mg HC/g Rock

	
mg CO2/g Rock

	
wt.%

	
°C






	
1/2

	
1

	
3.96

	
100.2

	
0.34

	
14.01

	
424




	
10

	
1

	
1.41

	
36.65

	
0.39

	
6.01

	
429




	
12

	
1

	
0.63

	
38.36

	
0.24

	
5.39

	
428




	
13/15

	
2

	
6.30

	
107.6

	
0.2

	
16.98

	
433




	
16/18

	
3

	
6.95

	
31.26

	
0.31

	
7.98

	
446




	
Avg.

	

	
3.85

	
62.81

	
0.29

	
10.07

	
n/a




	
SD

	

	
2.83

	
37.69

	
0.08

	
5.15

	
n/a
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Table 6. Pyrolytic properties of samples after CT.






Table 6. Pyrolytic properties of samples after CT.





	
Sample ID

	
Oil Field

	
S0

	
S1

	
S2

	
S3

	
TOC

	
Tmax




	
mg HC/g Rocks

	
mg HC/g Rocks

	
mg HC/g Rocks

	
mg CO2/g Rocks

	
wt.%

	
°C






	
1

	
1

	
0.05

	
0.13

	
4.56

	
0.70

	
1.55

	
425




	
2

	
1

	
0.30

	
0.55

	
3.25

	
0.49

	
1.43

	
430




	
3

	
1

	
0.04

	
0.1

	
0.44

	
0.38

	
1.41

	
457




	
13

	
2

	
4.20

	
17.14

	
22.99

	
0.17

	
10.88

	
439




	
15

	
2

	
2.20

	
2.69

	
26.42

	
0.24

	
5.30

	
434




	
18

	
3

	
0.19

	
0.69

	
1.33

	
0.16

	
4.86

	
586




	
Avg.

	

	
1.16

	
3.55

	
9.83

	
0.36

	
4.24

	
n/a




	
SD

	

	
1.70

	
6.73

	
11.66

	
0.21

	
3.71

	
n/a
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Table 7. Results of NMR T1–T2 interpretation for target samples before and after CT.






Table 7. Results of NMR T1–T2 interpretation for target samples before and after CT.





	
Sample ID

	
Before CT

	
After CT




	
Total Fluid Volume (cc)

	
Bitumen & Adsorbed Oil (%)

	
Structural & Adsorbed Water (%)

	
Mobile Oil in IP (%)

	
Total Fluid Volume (cc)

	
Bitumen & Adsorbed Oil (%)

	
Structural & Adsorbed Water (%)

	
Mobile Oil in IP (%)






	
1

	
0.42

	
84.22

	
8.40

	
5.34

	
0.33

	
86.45

	
8.13

	
5.96




	
2

	
0.34

	
86.29

	
6.45

	
6.72

	
0.17

	
68.86

	
26.75

	
5.26




	
3

	
0.32

	
82.14

	
7.65

	
8.16

	
0.002

	
31.72

	
13.10

	
18.62




	
10

	
-

	
-

	
-

	
-

	
0.49

	
28.78

	
64.39

	
7.19




	
12

	
-

	
-

	
-

	
-

	
0.28

	
44.74

	
41.67

	
10.53




	
14

	
1.14

	
93.83

	
2.53

	
2.02

	
8·10−8 *

	
n/a

	
n/a

	
n/a




	
15

	
0.76

	
77.68

	
16.19

	
11.23

	
0.32

	
81.20

	
2.87

	
14.36




	
16

	
0.86

	
59.98

	
42.18

	
4.54

	
0.03

	
85.84

	
7.77

	
5.18




	
18

	
0.90

	
59.25

	
41.09

	
5.12

	
0.72

	
0

	
20.83

	
0




	
Avg.

	
0.68

	
77.63

	
17.78

	
6.16

	
0.29

	
53.45

	
23.19

	
8.39




	
SD

	
0.32

	
13.23

	
16.80

	
2.93

	
0.24

	
31.98

	
20.83

	
5.89








* the total fluid volume of the sample is too small for component separation.
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