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Molecular dynamics study on occurrence and flow mechanisms of shale oil under kaolinite
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Abstract: To improve the development efficiency of unconventional reservoirs, it is essential to clarify the microscopic occurrence states and
flow migration characteristics of shale oil in clay mineral nanopores. Focusing on the widely distributed kaolinite in shale reservoirs and its
interfacial effects, an intercrystalline nanoslit model was constructed through simulations of molecular dynamics (MD) to investigate the
occurrence forms and dynamic behaviors of alkane components of shale oil in kaolinite nanopores. Simulations were conducted under
different pore sizes (1-8 nm), reservoir temperatures (335.15-435.15 K), formation pressures (15-50 MPa), and driving forces. The
influences of pore structure, temperature, pressure, and driving force on the density distribution, diffusion performance, and interfacial slip

behavior of shale oil molecules were systematically analyzed, revealing the evolution mechanisms of shale oil in kaolinite pores under these
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effects. The results showed that increasing kaolinite nanopore size promoted the transition of shale oil molecules in the pore center from
adsorbed to free states. The thickness of the adsorption layer increased simultaneously with the adsorption amount per unit area, forming a
quasi—solid layer near the pore surface. Elevated temperature enhanced molecular thermal motion, weakened the interaction energy between
molecules and the pore surface, and increased the diffusion coefficient by more than 3 times, indicating that thermal recovery could
effectively improve shale oil mobility. Increased pressure strengthened liquid—solid interactions and molecular aggregation, restricting
molecular motion and reducing the system’s overall diffusion capacity by approximately 30%. Under driving forces, shale oil exhibited
pronounced interfacial slip, with slip length and average flow velocity increasing significantly with driving force, demonstrating that driving
forces could effectively break through the limitations of nanoconfinement on molecular motion and enhance macroscopic flow response.
Despite significant changes in flow states, the adsorption layer near the pore surface remained generally stable, reflecting the strong and
stable adsorption capacity of clay surfaces for molecular layers. This study reveals the typical occurrence—migration synergistic mechanism of
shale oil molecules in kaolinite nanopores and clarifies the variation patterns of molecular structure and transport parameters under different
thermal and driving conditions. These insights provide molecular—scale theoretical support for the study of adsorption—controlled, diffusion—

limited, and slip—dominated transport flow in clay pores and supply key microscopic parameters and model framework for optimizing thermal

recovery and displacement strategies to enhance shale oil recovery.
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