Study on the Effects of Wettability and Pressure in Shale Matrix Nanopores Imbibition during Shut-in Process by Molecular Dynamics Simulations
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[bookmark: _Toc155365810]Figure S1.
The interaction energy[1] between oil and wall during structural optimization of the oil-pore systems of imbibition systems I and II.
[image: ]
[bookmark: _Toc155365811][bookmark: _Hlk155215153]Figure S2.
[bookmark: _Hlk155215139](a) The interaction energy between water molecules and wall, and (b) hydrogen bond number as a function of time T in spontaneous imbibition systems I-II respectively.
[image: ]
[bookmark: _Toc155365812]Figure S3. 
Molecular model for calculating the interfacial tension of pure oil and water systems.[image: ]
The oil-water interfacial tension  is calculated by：

where LX is the X-direction length of the simulation box, and 〈Pαα〉 (α =x,y,z) is the diagonal element of the pressure tensor, which is averaged over position and time.
[bookmark: _Toc155365813]Figure S4.  
Quartz wall sizes and different modified wall surfaces with different wettability.
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[bookmark: _Toc155365814][bookmark: _Hlk155116511]Figure S5. 
[bookmark: _Hlk155116495][bookmark: _Hlk155262792](a,b) Initial and equilibrium configuration for static contact angle testing respectively. (c) Schematic diagram of static contact angle calculation method. (d) Static wetting angle of WA and WB.
[image: ]
In this work, the static contact angle of the oil-water-quartz wall three-phase system is measured to characterize the different wettability of two modified quartz walls (WA and WB). The molecular model for measuring static contact angle is shown in Figure S5a. To ensure the stability and accuracy of the results, referring to the data in Figure S6, shale oil composed of a single component n-C17H36 was selected as the wetting external phase, and water clusters were selected as the wetting internal phase. Since the molecular diameter of water molecules is smaller than that of oil molecules, and the edges of water droplets are more “smooth” than the edges of oil droplets, this article adopts the “oil-water droplet-mineral wetting model” that is beneficial to the observation and calculation of contact angles. When using "cube-shaped water clusters" for the wetting model, water spreads in a cylindrical shape on the wall surface, which can eliminate the influence of the three-phase contact line tension on the contact angle. After performing 2ns EMD on this molecular model under reservoir conditions, the stable adsorption configuration of water clusters on the wall surface was obtained as shown in Figure S5b. 
Thus, to quantitatively characterize the microscopic contact angles of nano water droplets on different modified quartz surfaces, the water droplets adsorbed on the silica wall surface are approximately regarded as part of an ideal cylinder, as shown in Figure S5c. By geometrically analyzing the bottom surface of the cylinder in the X-Z plane, the contact angle of the oil-water-wall three-phase system can be obtained after stabilization of the adsorption configuration of the water droplet. The test results are presented in Figure S5d.
[bookmark: _Toc155365815][bookmark: _Hlk155116529]Figure S6.
The mass fraction of hydrocarbons with different numbers of carbon atoms of (a) JHW05815 Oil Sample, (b) JHW07121 Oil Sample, and (c) J41 Oil Sample.
[image: ]
[bookmark: _Hlk147617830][bookmark: _Hlk147737454]The research object of this study is the shale oil reservoirs of the Lucaogou Formation in the Jmsar Sag, Xinjiang oilfield. The reservoir has the geological characteristics of integrated source and storage, and dispersed “sweet spot”, with an average reservoir temperature of 80°C [2, 3] and an original formation pressure of about 40 MPa [4, 5].  The Luchaogou Formation (P2l) consists of upper (P2l2) and lower (P2l1) sections, each with its own “sweet spot” enrichment sections. The Xinjiang Research Institute of Petroleum Exploration and Development utilized gas chromatography-mass spectrometry (GC-MS) to analyze shale oil samples from the lower section (P2l1) of the Lugaogou Formation. Figure S6 displays the test results of the different hydrocarbon components of the J41, JHW5815, and JHW07121 oil wells, revealing that the carbon number of the hydrocarbon with the highest mass fraction in the chromatographic peak is n-C17H36.
[bookmark: _Toc155365816][bookmark: _Hlk155116566]Table S1. 
[bookmark: _Hlk155116574]The average mass fraction of light, heavy, and medium hydrocarbon components of the Jimsar shale oil.
	
	J41
	JHW05815
	JHW07121
	Average 

	Light components(C3-C4) (%)
	2.6
	5.4
	2.3
	3.43

	medium component (C5-C16) (%)
	36.1
	34.5
	33.3
	34.63

	heavy component (C17-C40) (%)
	61.3
	60.1
	64.3
	61.9


By averaging the data from the oil sample of three wells with different well numbers in Figure S6, the average mass fractions of light (C3-C4), medium (C5-C16), and heavy component (C17-C40) of the Jimsar shale oil were obtained as shown in Table S1 (refer to [6] for the way of dividing the light, medium and heavy components of shale oil). In this MD simulations, the light, medium, and heavy components are replaced by C4, C8, and C20, respectively.
[bookmark: _Toc155365817][bookmark: _Hlk155116584]Table S2. 
The mole fractions and number of each component of the shale oil model
	Shale oil components
	Mole fraction (%)
	Number

	n-Butane(n-C4H10)
	14.28
	110

	n-Octane (n-C8H18)
	50.12
	385

	n-Eicosane (n-C20H42)
	35.6
	275


The average mass fraction as shown in Table S1 was converted to a molar fraction to obtain the number of each hydrocarbon component of the simulated shale oil.
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