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Abstract

Designing fluids to regulate two-phase displacement has been of great interest because of 

its roles in groundwater remediation, oil recovery and water desalination. Currently, the 

displacement efficiency of fluids is observed to depend on the surface properties of capillary 

and external pressure. Herein, the pressure-induced displacement mechanisms in various 

capillaries are investigated by molecular dynamics simulations. Our results suggest that the 

surface wettability and pressure are crucial to the displacement performance of fluids. 

Specifically, reducing the interfacial tension of fluids is beneficial to displacement efficiency 

in hydrophobic capillary, while increasing viscosity of fluids favors for hydrophilic capillary. 

Based on our proposed mechanisms and considering the capillaries wettability, three types of 

nanofluids are designed to improve the displacement efficiency for different capillaries. Our 

results are significant for understanding fluids flow phenomenon and provide an efficient way 

to design the target fluids for numerous applications.

Keywords: Two-phase displacement; Pumping pressure; Nanoparticles; Wettability; Resource 

Recovery; Molecular dynamics simulation.
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1. Introduction

Multiphase flow in capillary is a common and fundamental process in both nature and 

industrial fields, 1 such as groundwater remediation, sea water desalination, 2 ink jet printing, 

and nanofluidics. 3-5 For fluids flow in these processes, external pressure is often applied to 

improve flow velocity and displacement efficiency. 6 Taken the oil field as an example, 

increasing the pumping pressure of injecting fluid can improve the oil recovery efficiency from 

the reservoirs. However, as flooding pressure reaches a specific high value, considerable 

amount of oil would be trapped in the reservoir due to “fingering” phenomenon of the injecting 

fluid. Overcoming the “fingering” to increase the production of the residual oil is a hot topic in 

the research of petroleum engineering. 

To date, much research efforts have been devoted to optimizing the two-phase 

displacement process,  such as refining the external forces,7-9 changing the composition of 

capillary surface, 10-12 and adjusting the properties of fluids 13 like viscosity and interfacial 

tension. Among others, adding extra chemicals (surfactant, polymer) can effectively adjust the 

property of injecting fluids, and meanwhile change the composition of capillary surface with 

their adsorption, which is thus efficient in regulating two-phase displacement process. 14, 15 

Currently, the development of new chemical fluids to regulate two-phase displacement 

involves a major challenge, as many studies observed that the efficiency of chemical fluid is 

capillary dependent. For example, according to the worldwide enhanced oil recovery (EOR) 

survey, not all the reservoirs can adopt same chemical fluids, and the performance of a specific 

chemical fluid varies significantly in different capillaries. 16 Therefore, selecting and designing 

injecting fluids targeted to the specific capillary is necessary in two-phase displacement 

applications.

Despite the clear experimental evidences, 17, 18 the capillary-dependent efficiency of 

various chemical fluids is not well understood at atomic level, as the experiment studies by 

core flooding is not a straightforward process. 19, 20 Computation simulation, especially 

atomistic and molecular modeling, enables visualization of the displacement process and can 

provide the atomistic details of fluid flow in confined channel. 21-26 Wu et.al 27 investigated the 

flow of water confined in nanopores with different wettability and dimensions by molecular 

dynamic (MD) simulations. An accurate model was proposed to calculate fluid flux and 

compared the results with theoretical analysis. Towards this end, we adopt all-atom simulation 

to investigate the displacement mechanism for fluids in different capillaries. And more 

importantly, according to our newly proposed mechanism, three types of nanofluids (a class of 
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fluids engineered by dispersing nanoparticles (NPs), which becomes emerging interests 

recently and are reported to have a great potential to modify the dynamic displacement process 
22, 28-30) are specifically designed to match the properties of capillary surface and improve their 

displacement efficiency. 

Initially, the threshold capillary pressure needed for water entering into oil-filled capillary 

is calculated, and the relationship between the threshold capillary pressure and wetting 

properties of capillary is established. Then, the forced two-phase flow behavior in capillary 

ranging from hydrophobic to hydrophilic is analyzed to reveal the involved displacement 

mechanism. Accordingly, the capillary-dependent efficiency of three type NPs is discussed. 

Our findings provide physical insights into the flow behavior in capillary and design guidelines 

for targeted applications.

2. Model and Simulation Details

2.1 Model systems 

All-atom simulation system consisting of piston, displacing phase (water), displaced oil 

phase (decane), and solid capillary was built to study the forced two-phase displacement in the 

capillary, as shown in Figure 1. A single cylindrical capillary with radius R = 25 Å was 

constructed by removing all atoms along the y-axis center of a silicon block in dimensions of 

Lx = Lz = 65.1684 Å and Ly = 194.1475 Å, and the atomistic parameters were not fixed during 

simulation. The displaced phase in cylindrical shape with 20 Å in radius, including 920 decane 

molecules, was placed in the nanochannel to fill up the cylindrical capillary. 31 The atomistic 

parameters from CHARMM force field were used for oil molecules. 32, 33 Equilibrium MD 

simulations were carried out to obtain steady-state distribution of oil in capillary. Displacing 

phase was composed of 20,000 water molecules. The simple point charge/extend SPC/E model 

was adopted for water molecules. 34 To mimic the external pumping pressure, a solid piston 

layer constructed by copper block was placed at the left-hand side of the simulation box. There 

were 650 atoms in the first layer of piston, and the cross-section area of block was kept the 

same as the box. The periodic boundary conditions were used in MD simulations. Meanwhile, 

a vacuum space served as buffer space for the displaced oil phase outside the capillary was 

added to the right-hand side of the simulation box along y direction. This vacuum space was 

large enough (>250 Å) to exclude the possible interaction between the displaced oil phase 

outside the capillary and the piston as well as water phase. 

Figure 1

2.2 Computational Details
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Large-scale atomic/molecular massively parallel simulator (LAMMPS) package was 

employed to perform all the atomistic simulations. 35

The well-known standard pairwise 12-6 Lennard-Jones (L-J) potential was employed to 

describe the nonbonded intermolecular interactions, as stated in Equation (1). The long range 

coulombic interaction was described by Equation (2). 
12 6

4 ij ij
LJ ij

ij ij

U
r r
 


    
             

(1)

04
i j

coulomb
ij

q q
U

r
 (2)

where  and  were the energy well depth and zero potential distance,  represented the ij ij ijr

distance between atom i and j,  and  were charges on atom i and j, and  was vacuum iq jq 0

permittivity. The interactions between oil-water, water-capillary and oil-capillary were 

calculated by the Lorentz-Berthelot mixing rule, with cutoff of 10.0 Å. 

        To investigate the influence of surface properties of capillary on the displacement, the 

capillaries were constructed as ideal surfaces, and  the characteristic energy (water-sw

capillary) was tuned from 0.1 to 0.4 kcal/mol (in 0.05 increment) to form super-hydrophobic, 

hydrophobic and hydrophilic capillary. 36, 37 Here the wettability of capillary was defined based 

on three-phase contact angle (water-oil-capillary). The value above 150˚ meant super-

hydrophobic capillary, and between 90˚ and 150˚ showed hydrophobic property, while below 

90˚ was hydrophilic capillary. For the piston, the characteristic energy was set relatively small 

about 0.01 kcal/mol, indicating a weak interaction with water and a negligible effect on fluid 

transportation. A force along the y-axis was exerted on the piston to drive water molecules into 

the capillary and displace oil molecules out of the capillary. The pressure imposed on 

displacing fluid was calculated by dividing the total force by the cross-section area of piston. 

Atoms in the piston and the capillary were charge free. The vilification process about model 

was described in Supporting information.

All the systems were energy-minimized with steepest descent method, followed by 

simulations performed under NVT ensemble (constant number of particles, volume, and 

temperature). The temperature was controlled at 298 K by Nose-Hoover thermostat with 1.0 

damping coefficient. 38 Newton’s motion equation was integrated by velocity verlet algorithm. 

The long-range electrostatic interactions were compensated by using the particle-particle-

particle-mesh (PPPM) algorithm with a convergence parameter of 10-4. 39 Moreover, solid 
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capillary was kept rigid during the simulation to reduce simulation time. The simulation 

configurations were visualized by VMD software. 40

3. Results and Discussion 

3.1 Threshold capillary pressure

 The threshold capillary pressure is crucial to quantify pressure needed for fluids 

transporting into the capillary. To study the threshold pressure for different capillaries, water 

molecules were pushed into the nanopore filled with oil molecules by applying a relatively 

high pressure on the piston.41 According to our previous simulations, 36 the capillary with = sw

0.2 kcal/mol indicates hydrophobic property, and here is taken as an example to illustrate 

calculation of threshold capillary pressure. Initially, water was injected into the capillary under 

the pressure of 403.77 atm (the average force of 0.04 kcal/(mol·Å) on the piston). After 4.0 ns, 

the front of injecting fluids reached distance 130 Å from the entrance of the capillary. Then, 

the external force was removed and the piston was frozen for about 8 ns so that oil molecules 

outside the capillary reached equilibrium (Figure 2 (a)). To quantify the equilibrium of system, 

the amount of oil molecules outside the capillary is counted in Figure 2 (b). The number of 

displaced oil molecules increases initially, and keeps in a nearly constant value after 3 ns, 

indicating that the system has already reached equilibrium.

Figure 2

Here, the pressure at which displaced oil molecules starts to retract into the pore is 

quantified as the threshold capillary pressure. Therefore, the average force exerting on the 

piston decreases from 0.018 to 0.01 kcal/(mol·Å) to reduce pressure difference across fluids 

interface in the capillary and obtain the threshold capillary pressure. Under each pressure, the 

simulations were carried out at least 2.0 ns, and the dynamic number of oil molecules out of 

the capillary is counted, as shown in Figure 3. When the average force is above 0.016 

kcal/(mol·Å), oil molecules outside capillary has an apparent accumulation with time evolution. 

As the average force decreases to 0.01 kcal/(mol·Å), the number of oil molecules outside the 

capillary reduces with the increased time. In the case of the average force about 0.014 

kcal/(mol·Å), the amount of oil molecules out of the capillary reach a dynamic equilibrium 

state, indicating the relative force balance for fluids in capillary. Hence, the calculated 

threshold capillary pressure is about 140.42 atm for =0.2 kcal/mol capillary.sw

Figure 3
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The same method is adopted to study the influence of wettability of the capillary on the 

threshold pressure, and its relationship with the characteristic energy  is plotted in Figure sw

4(a) and the corresponding contact angle in Figure 4(b). It can be seen that the threshold 

capillary pressure for water transporting into the capillary decreases with the increase of the 

characteristic energy . It suggests that higher pressure is needed for water flooding into sw

superhydrophobic and hydrophobic capillary (  smaller than 0.35 kcal/mol), while no sw

pressure is needed for hydrophilic capillary (  above 0.4 kcal/mol), where spontaneous sw

imbibition can occur. Meanwhile, when the characteristic energy is smaller than 0.2 kcal/mol, 

i.e. superhydrophobic capillary, the threshold capillary pressure is relatively stable. While 

above 0.2 kcal/mol, there is a linear relationship between the threshold capillary pressure and 

the characteristic energy. Similar phenomenon is also observed in the relationship between 

contact angle (methods to calculate contact angle is shown in Section S3 in supporting 

information) and characteristic energy, as shown in Figure 4 (b), consistent with previous study. 
42

Figure 4

3.2 Forced water-oil displacement mechanism

The pumping pressure and wettability of capillary have great influence on the forced 

water-oil displacement in confined nanochannel, which is crucial to design the displacing 

flooding for EOR process. 43 In order to reveal the underlying mechanism, the external 

pumping force was increased from 0.08 to 0.24 kcal/(mol·Å)  (in 0.04 increment) by controlling 

the average force exerting on the piston. The wettability of capillary was tuned by increasing 

characteristic energy  from 0.1 to 0.4 kcal/mol (in 0.05 increment), forming sw

superhydrophobic, hydrophobic and hydrophilic capillaries. Therefore, in total 35 systems 

were adopted to study the forced water-oil displacement process. 

Figure 5

The displacement process in three characteristic capillaries with different pumping 

pressure is shown in Figure 5, and other simulation snapshots are shown in Section S5 

(Supporting Information). In general, increasing pumping pressure promotes the water flooding 

and facilitates the meniscus convexity or sharpness of the water front piercing into the oil phase 

due to high velocity of injecting fluids. Compared with the phenomena in super-hydrophobic 

capillary ( = 0.10 kcal/mol), water molecules in the hydrophobic capillary ( = 0.25 sw sw

kcal/mol) move quickly into the oil phase with wavy flow. Regardless of pumping pressure, 

there are always oil molecules stuck on the wall of super-hydrophobic or hydrophobic capillary 
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due to the weak interaction between water and capillary. For hydrophilic capillary ( = 0.40 sw

kcal/mol), the formed meniscus is stable and moves slowly in the capillary at low pumping 

pressure, which has potential to displace all the oil molecules near the wall and push the whole 

oil cylinder moving along the capillary. However, under the relatively high pumping pressure, 

the injecting fluid transports very fast through the oil phase and a considerable amount of oil 

molecules remains in the capillary after water flooding. 

The relationship between pumping pressure and content of extracted oil molecules from 

the capillary is calculated and shown in Figure 5(c). Here, the position where same amount of 

water molecules entering the capillary under different pumping pressure is treated as the 

reference point, and the capillary with = 0.1 kcal/mol is taken as an example. Thus, the sw

velocities of the piston moving from initial position to the final position depend on the choice 

of fluids, and the end simulation time is distinct in various systems. There is an approximately 

linear relationship between pumping pressure and number of oil molecules displaced from 

capillary. This can be explained by Lucas-Washburn equation for two-phase displacement in 

confined channel. 44 When the pumping pressure is higher, the total amount of extracted oil 

molecules is much smaller despite more oil molecules at certain time and same amount of 

injecting water molecules. Therefore, reducing the starting pressure is beneficial for EOR 

process, which is also validated by other studies about CO2 injection. 6

From Figure 5 (b), the displacing fluid flow in hydrophobic and hydrophilic capillary at 

high pumping pressure is unstable, and lots of oil molecules are left in the capillary. The 

morphology of residual oil is crucial to design efficient fluids to improve displacement 

efficiency. Therefore, the systems were equilibrated for sufficiently long time by fixing the 

piston to display the distribution of residual oil. The obtained flow configurations after water 

flooding are shown in Figure 6. In the hydrophobic capillary, the residual oil molecules tend to 

connect and form a water in oil emulsion. Due to strong interaction between oil and capillary, 

a thin oil layer is always sticking onto the capillary and difficult to be displaced by water 

flooding. The critical point for hydrophobic capillary is to displace the adsorbed oil film on the 

solid capillary. In contrast, the water molecules in the hydrophilic capillary would be adsorbed 

onto the wall and displace oil molecules. After water flooding, the residual oil molecules  

nucleate and grow up to large droplets, tending to form an oil in water emulsion, which is also 

observed in experiments. 17, 45 Almost all the residual oil molecules in hydrophilic capillary can 

be displaced if the time is long enough at low pumping pressure. The key point in hydrophilic 

capillary is to improve displacement efficiency quickly at high pumping pressure.
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Figure 6

According to the displacement process, two main displacement mechanisms are 

identified. In the hydrophobic capillary, the displacement process is dominated by the 

interaction between water and capillary, and the pivotal issue is to displace the oil film on the 

hydrophobic capillary. For the hydrophilic capillary, the water-oil displacement is dominated 

by fluids properties, such as interfacial tension and viscosity. Almost all oil molecules can be 

displaced at low pumping pressure, and then how to improve the oil displacement efficiency at 

high pumping pressure is important for hydrophilic capillary. 

3.3 Selection of NPs for different wettability of capillary

Designing efficient fluids can increase the displacement efficiency in capillary, and the 

efficiency of fluids is dependent on the surface properties of capillary. According to the 

displacement mechanism discussed in section 3.2, the requirement for fluids properties is 

different for capillary with varied wettability. Here, three ideal types of NPs, hydrophilic, 

hydrophobic and Janus NPs, are examined as the candidates for the different types of capillaries 

to displace oil phase. 46-49 The pumping pressure is fixed to 403.77 atm (exerting force = 0.04 

kcal/(mol·Å)) for all the systems, and the details about constructing forced two-phase 

displacement system containing NPs are described in Section S6(Supporting Information).

Capillary number, 22 a dimensionless parameter related with EOR process, can be adopted 

to select suitable NPs: 

                                                       (3)Inj
c

ow

N
 






where is viscosity of displacing liquid (Pa·s),  is flow velocity (m/s), and  is interfacial Inj  ow

tension between fluids. Increasing capillary number indicates the improved displacement 

efficiency of oil recovery. 50 Therefore, parameters in the equation can be tuned by adding NPs 

in hydrophobic and hydrophilic capillary to EOR. 

Figure 7

For hydrophobic capillary, the key to enhance capillary number is to reduce the adsorption 

of oil layer onto the capillary, so that water can displace residual oil molecules. NPs can modify 

the capillary force, via tuning such as interfacial tension or three-phase contact angle. The effect 

of three types of NPs on the displacement process in hydrophobic capillary ( = 0.25 sw

kcal/mol) is shown in Figure 7. From the flow behavior in Figure 7 (a), it can be seen that all 

the hydrophilic NPs are well dispersed in water phase. According to our previous simulations, 
51 dispersed hydrophilic NPs increase the viscosity of fluid phase, and thus enhance capillary 
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number of the fluids compared with base fluids. However, hydrophilic NPs, are difficult to be 

adsorbed onto the capillary to overcome high pressure of the sticking oil thin layer. 

Hydrophobic NPs are either dispersed in the water phase or transported into the oil phase but 

not absorbed onto the capillary. NPs remained in the water phase tend to aggregate into bigger 

ones and transport into the oil phase, while those transported NPs into the oil phase increase 

the oil viscosity, resulting in the decreased displacement process. 51 Therefore, hydrophobic 

NPs are also difficult to alter the wettability of the capillary wall and to increase the exploration 

of residual oil films. Once the Janus NPs are added into water flooding, some of them are 

adsorbed onto the capillary wall, and while others stay at the front of the water-oil interface 

during the displacement process. Taking a close observation of Janus NPs adsorbed onto the 

hydrophobic capillary, the hydrophobic side orients into the capillary wall, while the 

hydrophilic part of NPs directs to the water phase. The adsorption of Janus NPs pierces through 

the oil layer sticking on the capillary wall, contributing to the wettability alteration of the 

capillary, reducing the interfacial tension and thus enhanced oil recovery (Figure 7(b)) . 52 The 

motion behavior of NPs in the capillary is closely related with the detailed displacement 

mechanism for NPs, which has been discussed in our previous publications, and are 

summarized in supporting information (Section S7). To compare the displacing efficiency of 

water and nanofluids, the number of oil molecules displaced out of the capillary against with 

simulation time are counted in Figure 7(c) for three types of nanofluids. When the piston moves 

to the specific end positions (same end positions for all considered systems), the simulation 

stops. Therefore, the simulation time is different for system with water and nanofluids. It is 

clear that three kinds of nanofluids displace more oil molecules than water, demonstrating the 

potential application of NPs in EOR process. Moreover, Janus NPs have better performance to 

displace oil molecules in shorter time compared with other two counterparts owing to the 

reduced capillary force.

Figure 8

In the hydrophilic capillary ( = 0.4 kcal/mol), low pumping pressure displaces all the oil sw

molecules out of the capillary, while high pumping pressure leaves lot of oil molecules in the 

capillary after water flooding, as shown in Figure 5. The key point is to modify the fluids 

properties to enhance the residual oil exploration, such as increasing the viscosity of water 

phase at the same injection rate. According to our previous studies, 51, 53 hydrophilic NPs have 

a good performance than other types on the viscosity increase; therefore, only hydrophilic NPs 

are studied to give an example. The effect of hydrophilic NPs on the water-oil displacement in 
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hydrophilic capillary is shown in Figure 8 (a) and (b). From Figure 8a, in pure water system, 

the piston moves fast. At 1.8 ns, the piston has already reached the entrance of capillary with 

all water molecules inside the capillary. However, in hydrophilic NPs system, due to the large 

viscosity of this fluid, the piston moves relatively slow. At 1.8 ns, the piston is still away from 

the entrance of the capillary. In 0 ‒ 1.8 ns, for these two systems, though different amount of 

displacing water molecules enter into the capillary due to the different velocity of piston, the 

numbers of displaced oil molecules out of the capillary are always same at any simulation time 

in this period (seen in Figure 8b). In other words, the oil exploration rate by hydrophilic NPs 

flooding is comparable to that of pure water. Moreover, at 1.8 ns, in hydrophilic NPs system, 

the piston still has some distance to move into the entrance of the capillary, which can push 

more displacing water molecules into the capillary and result in more oil molecules displaced 

out of capillary (1.8 to 2 ns in Figure 8b). Therefore, the hydrophilic NPs can displace more oil 

molecules than water. This is attributed to that hydrophilic NPs increase the viscosity of water 

phase, enhancing the sweeping efficiency of displacing fluids. These results indicate that 

hydrophilic NPs have better performance to explore residual oil in the hydrophilic capillary.

The above analysis and discussion demonstrate that NPs can be adopted to enhance oil 

recovery. Combining with the motion behavior of NPs in forced fluids flow, Janus NPs are 

proposed for hydrophobic capillary, and hydrophilic NPs are suggested for hydrophilic 

capillary. In this work, the ideal NPs are studied, and further investigation is needed to design 

realistic NPs for EOR. For example, the specific types of NPs, the amount of NPs, the optimal 

pumping pressures will all influence the NPs effect. Moreover, the simplified models are quite 

different from real environment, and more factors like the component of oil, high temperature, 

different salinity, should be considered in the future.

4. Conclusion

The forced displacement mechanism in hydrophobic and hydrophilic capillary is 

investigated by all-atom molecular dynamics simulations. The effects of pumping pressure and 

wettability of the capillary on the fluid flow process are explored initially to reveal the 

displacement mechanism. It is found that the threshold capillary pressure for displacing fluids 

into different wettability of capillary possesses linear relationship with characteristic energy 

between water and capillary except for the super-hydrophobic ones. The pumping pressure 

must be higher than threshold capillary pressure to enable the displacement process. However, 

lowering the pumping pressure is beneficial to EOR. In hydrophobic capillary, the 

displacement process is dominated by the interaction between capillary and water. An oil layer 

Page 59 of 81 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



12

is always stuck onto the capillary wall, and water flooding is piercing into oil phase with high 

slip length at high pumping pressure, causing water in oil emulsions in confined channel after 

flooding. The key point for hydrophobic capillary is to reduce interfacial tension or alter 

wettability of solid capillary to improve displacement efficiency. In hydrophilic capillary, the 

displacement of water-oil is dominated by fluids properties, such as interfacial tension and 

viscosity. All the oil molecules are displaced from capillary at low pumping pressure due to 

high interaction between water and capillary, while the increasing pumping pressure causes 

residual oil molecules. The residual oil molecules coalesce to form oil in water emulsion after 

water flowing. Designing fluids with higher viscosity is beneficial for displacement in 

hydrophilic capillary.

Based on the displacement mechanism in different capillaries, three types of NPs, 

hydrophobic, Janus and hydrophilic, are proposed to enhance displacement efficiency for 

different capillaries. The results indicate that Janus NPs have better performance for 

hydrophobic capillary, while hydrophilic NPs are favorable for hydrophilic capillary. The 

researches not only uncover the forced fluids flow phenomenon, but also dawn on the basis for 

designing efficient fluids for different types of reservoirs, which is significant for 

understanding and designing suitable NPs or other chemicals for EOR process.

Supplementary Materials: The following are available online at http://.
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Figure 1 Representative atomistic model of a two-phase displacement system. The colors of atoms 

represent oil (pink), water (blue), silicon (light grey) and piston (light grey), and apply to the following 

snapshots. 
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Figure 2 (a) Flow snapshots for injection at 4.0 ns and equilibrium system after 4.0 ns with fixed piston. 

(b) The number of oil molecules displaced out of the capillary as a function of time at equilibrium. 
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Figure 3 The number of oil molecules displaced out of the capillary with the pumping pressure exerting 

on piston decreased from 0.018 to 0.01 kcal/mol/Å.
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20

Figure 4 (a) Threshold capillary pressure and (b) three phase contact angle as a function of 

characteristic energy  between water and capillary.sw
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Figure 5 Flow snapshots of forced water-oil displacement in capillary with varied characteristic energy 

: (a) at low pumping pressure (f=0.02 kcal/mol/Å); (b) at high pumping pressure (f=0.20 sw

kcal/mol/Å). The meaning of colors is same as in Figure 2, while the yellow curve shows fluids interface. 

(c) Oil molecules outside the capillary with different pumping pressure, =0.1 kcal/mol.sw

(c)
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Figure 6 Dynamic flow configurations after water flooding in hydrophilic and hydrophobic capillary. 
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23

 Figure 7 The effect of NPs on the displacement process in capillary =0.25 kcal/mol. (a) Snapshots sw

of forced nanofluids displacement with different kinds of NPs in hydrophobic capillary, (b) snapshots 

for fluids with Janus NPs at different external force on piston; and (c) the number of oil molecules 

outside capillary with and without NPs, and the bulge of the capillary in orange circle is intended to 

enlarge the Janus nanoparticles to display them in the capillary.  The meaning of colors for NPs: 

hydrophilic NPs (yellow), hydrophobic (green), and Janus NP (hydrophilic part is yellow and 

hydrophobic part is green).

0.0 0.5 1.0 1.5 2.0 2.5
0

20

40

60

80

100

120

N
um

be
r 

of
 o

il 
m

ol
ec

ul
es

Time (ns)

Water
Philic NP
Phobic NP
Janus NP

Extra oil displaced by NPs

(a)

(b) (c)

Enlarged Pattern

Page 71 of 81 Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



24

Figure 8 (a) Snapshots of forced nanofluids displacement with and without hydrophilic NPs in 

hydrophilic capillary; and (b) the content of oil molecules outside capillary with and without NPs, sw

=0.4 kcal/mol when the piston moves to the entrance of the capillary.
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Graphic
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Supporting information

Insight into the Pressure-induced Displacement 

Mechanism for Selecting Efficient Nanofluids in Various 

Capillaries 
Xiao Wang 1, Zhiliang Zhang 1, Jun Zhang 2 and Jianying He 1,*

1 NTNU Nanomechanical Lab, Department of Structural Engineering, Faculty of Engineering, 

Norwegian University of Science and Technology (NTNU), 7491 Trondheim, Norway
2 School of Materials Science and Engineering, China University of Petroleum, Qingdao, 

Shandong, 266580 China
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S1. Adsorption Behavior of Decane

The orientation of decane is important to understand the displacement process. Here, the 

orientation of decane molecules at capillary wall and water-oil interface are analyzed separately. 

For decane adsorption on capillary wall, the equilibrium configuration is captured from the 

trajectory of molecular dynamics simulations. As shown in Figure S1, the decane molecules 

exhibit an obvious layer by layer adsorption on capillary. This phenomenon is consistent with 

our previous works and other simulation studies 1, 2.
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Figure S1 The adsorption configuration of oil phase in capillary. The gray color represents the solid wall 
of the capillary. The red lines depict the adsorption layers of decane molecules in the capillary.

Meanwhile, the orientation of decane with respect to the dynamical oil/water interface is 

analyzed qualitatively by the equilibrium configurations. The hydrophobic capillary is taken as 

an example. As shown in Figure S2(a) and (b), the oil/water interface in hydrophobic capillary 

can be divided into two parts, i.e., the interfaces near (cyan, Part I) and away from (yellow, 

Part II) the capillary. For Part I, during the flooding process, decane always adsorbs parallel to 

the solid surface due to its strong interaction with hydrophobic wall (Figure S2(b)). However, 

for part II, different orientations are observed (Figure S2(c)), i.e., normal to interface (blue), 

parallel to interface (yellow), and tilted to the interface (green). Moreover, along with the 

simulation time, decane molecules involve large diffusions, and their orientations change 

randomly. 

Figure S2 Configurations of water-oil interface in the nanochannel. (a) water-oil interface; (b) top view 
and horizontal view; (c) Part II from horizontal view and top views; The colors in (a) and (b): water (red); 
oil in part I (cyan); oil in part II (yellow); The colors in (c); water (red); oil normal to interface (blue), oil 

parallel to interface (yellow) and oil tilted to interface (green).

S2. Verification of Model

The fluids properties in the system are verified by viscosity of water and interfacial tension of 

decane/water. This process is also described in our previous simulations. 

The viscosity of water can be derived by Einstein relation  2, 3.

                                                                                                (S1)                                                             1
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where is the Boltzmann constant, T is simulation temperature, is the molecular diameter, Bk wr

and D is diffusion coefficient of fluid. According to previous simulation, self-diffusion 

coefficient for water is 2.67×10-9m2s-1, which matches well with experimental data (2.09-

2.66×10-9m2s-1) and other simulation results 4. The calculated viscosity of water is 0.9622 

MPa·s under 298.15 K using Eq.S1, in good agreement with experimental value of 1.0 MPa·s.

The other important property is water-oil interfacial tension. The interfacial tension of water-

oil is derived by subtracting mean tangential stress tensors (i.e., Pxx and Pyy) from the normal 

one (i.e., Pzz) 5.

                                         (S2)1 1 ( )
2 2wo z zz xx yyL P P P   

where is the length of simulation box in z axis. The calculated interfacial tension for zL

decane/water interface is 50.54±1.28 mN/m, in good agreement with the experimental value of 

51.98 mN/m 6. 

S3. Three-phase Contact angle

To calculate three-phase contact angle to assess the wettability of capillary, the water and oil 

were initially placed into the capillary, and the piston was fixed. Here, the characteristic energy 

εsw was tuned from 0.1 to 0.4 kcal/mol, forming hydrophobic to hydrophilic capillary, and other 

parameters were kept the same as those in Section 2. The detailed configuration is shown in 

Figure S3. The 4.0 ns simulation time was adopted to equilibrium the system, and the last 2.0 

ns was analyzed to calculate three-phase contact angle.

Figure S3 Simulation model to calculate three-phase contact angle in different capillary. The 

colors in Figure: piston and capillary (white); water (blue); oil (purple and blue).

According to our previous study, 7 contact angle will have large fluctuation and reach a 

dynamic equilibrium value during displacement. To determine the contact angle, liquid in 

capillary is firstly divided into cylindrical shells, and then is subdivided by certain thickness 

1.5 Å. The number of shells should be constrained to ensure that each shell contains enough 

water molecules to give a uniform density. The density of water in each shell as a function of 

the distance l into the pore is analyzed. The advancing end of each shell is located at where the 
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density is below a cutoff value of half the water density. The contact angle is then obtained 

from the tangent to a circular fit to the profile. 7 Here, the three-phase contact angle in capillary 

with εsw = 0.1 kcal/mol is shown in Figure S4. From Figure S4, it can be seen that contact angle 

for fluids in the capillary is almost stable, and the relative equilibrium value can be obtained. 

The same method can be applied to other capillary and the results are in the Figure 4(b) in the 

main text.
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Figure S4 Dynamic three-phase contact angle for fluids in capillary with εsw = 0.1 kcal/mol.

S4. Relationship between position of piston and threshold capillary pressure

Figure S5 is a schematic diagram about  two-phase displacement process in the nanochannel. 

During the fluid flow process, there will be viscous force, capillary force and external force in 

this system. During the fluid flow process , the force balance can be described as Eq.S38.

                                       (S3)𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =
2𝛾𝐴𝐵cos 𝜃

𝑅 ―
8𝜂𝐴

𝑅2 𝑙𝐴
𝑑𝑙𝐴

𝑑𝑡 ―
8𝜂𝐵

𝑅2 𝑙𝐵( ―
𝑑𝑙𝐵

𝑑𝑡 )

Figure S5 The schematic for two-phase displacement process in nanochannel

where  is applied force,  is interfacial tension between A and B, θ  is three-phase 𝑃𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝛾𝐴𝐵

contact angle, R is capillary radius, and  are viscosity of phase A and B, resperctivley. lA 𝜂𝐴 𝜂𝐵

and lB are length of phase A and B in capillary, and t is simulation time.
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Considering no velocity for displacing phase A and B at the equilibrium state, then the equation 

can be simplified to

                                                              (S4)𝑃𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =
2𝛾𝐴𝐵cos 𝜃

𝑅

From Eq.S4, it can be seen that the threshold capillary pressure only relates to the interfacial 

tension  , contact angle θ, and capillary radius R, which it is not affected by the position of 𝛾𝐴𝐵

the piston. 

S5. Influence of pumping pressure on forced displacement process in capillary

For the influence of pumping pressure on the forced displacement process, the 

configurations of forced water-oil displacement in varied capillary under different pumping 

pressure are shown in Figure S6.
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Figure S6 Flow snapshots for forced water-oil displacement in different kinds of capillary under 

different pumping pressure. The colors are the same as in Figure S3.

S6. Simulation details of forced displacement by nanofluids

To study the influence of nanoparticles on the forced displacement process, 16 spherical NPs 

with a diameter of 7.0 Å were well distributed in water phase. The main characteristic energies 

for NPs are interactions with water  and NP-NP , The characteristic energy for NP-NP  nw nn nn

was set relatively small as 0.01 kcal/mol for a weak interaction between NPs. And  was ns

chosen 0.7 kcal/mol designating the strong interaction between solid capillary and NPs. By 

tuning characteristic energy between NPs and water, hydrophobic, Janus, and hydrophilic nw

NPs were obtained, listed in Table S1. Then other parameters were kept the same as in the main 

text 2, 9.

Table S1 Force fields parameters for NPs with water , oil , and capillary .nw no ns

Characteristic energy, kcal/mol Water Oil Capillary

Hydrophilic NPs 0.6 0.05

Janus NPs (hydrophobic) 0.01 0.2

Janus NPs (hydrophilic) 0.4 0.01

Hydrophobic NPs 0.05 0.6

0.7

S7. Displacement mechanism of nanoparticles in capillary

Via analyses of displacement length, motion behavior and capillary pressure etc. in our 

previous simulations 2, 9, displacement mechanisms of different NPs during displacing process 

are summarized in Figure S7. In Figure S7, the first line is the type of NPs. The second line 
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shows the motion behavior for NPs in capillary, i.e., dispersed in water, adsorbed onto capillary, 

aggregated bigger micelles, or self-assembled at fluids interface. The last line gives the 

dominating displacement mechanism for NPs displaced in capillary.

Figure S7  Summarized of the motion behavior and displacement mechanism of different NPs in capillary.
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Graphics

Table of contents: Pressure-induced displacement mechanism in hydrophobic and hydrophilic capillary
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