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ABSTRACT: A coarse-grained modeling approach is employed to
probe the effect of nanoparticles and their wettability on the
stability of the interface between two immiscible fluids. In this
study, pure oil (dodecane) and water are placed side by side in a
nanochannel, forming a meniscus. Homogeneous hydrophilic
nanoparticles, Janus particles, and homogeneous hydrophobic
nanoparticles are placed at the oil−water interface, and their
dynamics are studied as they rearrange at the oil−water interface.
The results show that when the water is set in motion, two
instabilities occur: the formation of fingers and the detachment of
water from the channel wall. It is observed that the formation of
fingers is affected by the wettability of the nanoparticles. The
second instability may lead to the formation of a drop that
propagates through the channel. However, it is found that the wetting properties of the nanoparticles do not affect the critical flow
rate for the detachment of the water from the wall. Therefore, detachment occurs at the same three-phase contact angle regardless of
the nanoparticle wetting properties. These findings can be important for industrial applications such as enhanced oil recovery,
separation technologies, and microfluidic and nanofluidic technologies.

1. INTRODUCTION

In recent years, the applications of nanotechnology have grown
in several areas, such as environmental remediation,1−3

pharmaceuticals,4,5 and food processing.6 In the petroleum
exploration and production industry, nanoparticles (NPs) have
gained a significant presence in enhanced oil recovery (EOR)
since they can affect the characteristics of both the rock where
oil is found and the residual oil.7−9 The utilization of NPs in
EOR techniques has several advantages, such as adjusting the
rheological characteristics of the involved fluids, flexibility in
selecting the size and shape of NPs, and chemical modification
of the NP surface in order to tune fluid and interfacial
properties.10 Several laboratory studies on NP-enabled EOR
have taken place in the past decade. One area of study revolves
around investigating the application of hydrophilic silica
nanoparticles. Ju et al.11 indicated that injecting NPs resulted
in their adsorption onto pore surfaces, changing the surface
wettability and significantly improving oil recovery.
In addition to their impact on surface wettability, NPs can

influence the rheological properties of fluid−fluid interfaces
depending on their size, shape, surface roughness, and
anisotropy,12−20 which can be employed in tuning the stability
of emulsions and foams.21,22 Among different types of NPs,
Janus particles (JPs) stand out, as they combine surface
anisotropy and amphiphilicity into a single particle. Because
one face of the JPs is hydrophilic and the other is hydrophobic,
they exhibit special properties at fluid interfaces. For instance,

the desorption energy from the interface is up to 3 times higher
than for homogeneous nanoparticles.23 Since the surface
anisotropy of JPs can be controlled, the resulting interfacial
properties of the particle network can be tuned. Razavi et al.14

showed that the amphiphilicity of JPs controlled their collapse
behavior at the air−water interface under applied compressive
stress, a behavior which was attributed to the orientation of
particles and interparticle capillary interactions as the JP
amphiphilicity was modified.20 In addition to experimental
investigations, simulations may offer an opportunity to carry
out numerical experiments, allowing systematic changes in NP
properties and leading to significant contributions to the study
of NP characteristics.
Immiscible fluid displacement is widely used in industrial

applications,24−26 especially in the oil and gas industry, where
chemicals and water are used in EOR.27,28 The method
involves injecting a fluid, such as water or gas, into an oil
reservoir to displace the oil and push it toward the production
wells. The displaced oil is then recovered, which increases the
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overall production rate. There is a tendency for water to move
more readily than oil, leading to instabilities and the
development of water fingers. The phenomenon is known as
viscous fingering or Saffman−Taylor instability.29,30 The
Saffman−Taylor instability occurs when a fluid pushes a
more viscous fluid in a confined space. This is commonly
encountered in situations involving porous media or within the
gap between two parallel plates (i.e., Hele−Shaw cell31). It is
essential to predict fingering when dealing with immiscible
fluid displacement because it can affect the efficiency of any oil
displacement process. However, most studies regarding this
instability have been done for two immiscible liquids, whereas
in reality, a system consists of many components, such as oil,
water, additives, and surface-active species. The establishment
of viscous fingering depends on a number of factors, such as
the viscosity ratio of wetting and nonwetting fluids, the
capillary forces, and the injection rate.32 Several technologies
have been developed to avoid fingering, including the
modification of the rock wettability by injecting low-salinity
water after high-salinity water;33 varying the pressure gradient
or the flow rate of the displacing fluid;34 changing the
wettability of the injection fluid by conducting core flood
experiments on water-wet and oil-wet cores;35 and using
surfactants to modify the interfacial tension.36 Moreover, when
viscous fingering occurs, it can create a poor sweep efficiency.
Thus, polymers are employed as a viscosity control agent but
often degrade in a reservoir with harsh conditions.37,38 NPs
have been proposed to enhance the viscosity of the polymers in
injection fluid by strengthening the thermal stability of the
polymer solution and reducing degradation. Numerical
simulations by the Lattice Boltzmann method have also been
used to investigate viscous fingering, breakthrough times, as
well as gravity considerations.39

However, a fundamental understanding of the impacts NPs
have on the viscous fingering phenomenon still needs to be
improved. In particular, the effects of NP wettability on
immiscible fluid displacement and the resulting fingering
behavior have not been investigated in detail. In this study, we
used computations to simulate the flow of water that displaced
oil (dodecane) in a nanochannel by using the dissipative
particle dynamics (DPD) coarse-graining computational
method. The contributions of this paper are to (a) probe
how homogeneous particles (hydrophobic or hydrophilic)
influence the meniscus at the oil−water interface under
equilibrium and nonequilibrium conditions and compare

their behavior to the case when amphiphilic JPs are employed
and (b) examine viscous fingering in the presence of NPs at
the interface, where the low-viscosity fluid (water) displaces
the high-viscosity fluid (oil).

2. METHODS

2.1. Dissipative Particle Dynamics. Instead of individual
atoms, DPD models represent clusters of molecules.40 By
Newton’s equation of motion, it is possible to calculate the
position and velocity of each DPD particle, which is typically
called a bead. The model equations are as follows:
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where ri and vi are the position and velocity vectors of bead i,
respectively; mi is the mass of bead i; and fi is the force acting
on bead i. The total force exerted between two DPD particles i
and j includes three components: the conservative (Fij

C),
dissipative (Fij

D), and random (Fij
R) forces.41 The conservative

force Fij
C is a soft repulsion acting along the line connecting the

bead centers and can be calculated as follows
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where aij is a maximum repulsion between beads i and j that
controls the type of fluid interactions, rij = |ri − rj|, rîj = (ri −

rj)/rij, vij = vi − vj, and rc is the cutoff radius indicating the
distance over which a bead can affect its neighbors.
The dissipative or drag force, Fij

D, on beads i and j, is given by

F w r r v r( )( . )ij ij ij ij ij
D D

= (4)

where γ controls friction (along with fluid viscosity), wD is an r-
dependent weight function
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The random force, Fij
R, can be determined by

Figure 1. Schematic representation of the beads generated by simulations of DPD with water, dodecane, Janus particles, and homogeneous
particles (hydrophilic and hydrophobic nanoparticles). Red, white, and gray spheres represent oxygen, hydrogen, and carbon, respectively. Cyan
represents the hydrophilic part, while pink is used for the hydrophobic face of the nanoparticles.
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F w r r( )ij ij ij ij
R R

= (6)

where wR is also an r-dependent weight function, σ controls the
amplitude of random motion,42 and the term θij is a Gaussian
white noise function that is calculated as

t t t t t( ) 0, ( ) ( ) ( ) ( )ij ij kl ik jl il jk= = +

(7)

where t is time, δij is the Kronecker delta, and δ(t − t′) is the
Dirac delta function.43

As Espanol and Warren demonstrated,43 the weight
functions wD and wR are related to each other as follows:

w r w r( ) ( )D R 2
= [ ] (8)

and

k T2
2

B
= (9)

where T is the system temperature and kB is the Boltzmann
constant.
2.2. Simulation Details. To perform all calculations, the

software package Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) was used.44 Figure 1 shows a
schematic configuration of all species used in the DPD
simulations, and Table 1 shows the time and length scales for
converting DPD units to physical units.
Figure 1 shows that each water bead (W) consisted of six

water molecules and each dodecane molecule (C12H26)
contained two oil beads (O). The dimensions of the
nanochannel were 90 × 10 × 31 rc

3 (using dimensionless
DPD units in the x, y, and z directions), with the fluid density
set as 5 in DPD units (i.e., 5 DPD beads per unit volume of the
simulation).41 Therefore, 138,600 fluid beads in the computa-
tional domain and 2938 wall beads were added to the system.
The distance between neighboring NP beads was set at 0.30 rc,
and the diameter of the particles was set to 4.7 rc (∼3.64
nm).45 By adjustment of the interaction coefficient aij in eq 3,
different types of NPs can be generated, including hydrophilic
or hydrophobic nanoparticles and JPs with hydrophilic and
hydrophobic phases. The NPs were placed on the oil−water
interface. The interaction parameters used in this study are
listed in Tables 2 and 3. The selection of the interaction

parameter between dodecane and water was based on the
interfacial tension between these two fluids (Supporting
Information). In the case of JPs, our study simulates a
particular JP type where one facet corresponds to an amidine
polystyrene latex (APSL) surface, while the opposing facet
represents the wettability of gold surface. The interaction
parameters with the oil and the water have been determined by
matching the available experimental data on the three-phase
contact angle of particles at the oil−water interface.45 This case
was marked as the nanoparticle F; for the rest of the JP cases,
the interaction parameter between each face of the Janus
particle and the fluid phases were altered in order to simulate
JPs with different degrees of amphiphilicity.46 The hydro-
phobic NPs (type A) and hydrophilic NPs (type G) used in
our simulation represent APSL and gold, respectively,
exhibiting surface characteristics corresponding to JP type F.
The configuration of JPs and their corresponding alignment

at the interface was investigated by measuring the angle
between the orientation alignment vector and the interface.45

The polar angle (α) is defined as the angle between the normal
vector k ⃗ that is perpendicular to the oil−water interface and
the vector n⃗ connecting the particle center and a selected bead
(top or bottom) on the surface of the particle (see Figure 2).
This angle could take values from 0 (i.e., a Janus NP with its
cap up) to 180° (i.e., Janus cap down).
The difference in wettability between the two surfaces

determines the degree of amphiphilicity of a JP. It is defined as

2

Phi Pho
= , where θPhi and θPho describe the contact angle

between an oil droplet and a flat surface with the same
wettability as the hydrophilic and the hydrophobic faces of the
Janus particle, respectively, as seen in Figure 2b,c.14 As was
shown in previous research,47 the three-phase contact angle of
the oil droplet on a flat surface; i.e., θPhi or θPho, can be
determined from the density profile of the droplet. The
amphiphilicity of the Janus particle can be tuned by modifying
the wetting behavior of the two opposing JP facets. In our
simulations, this adjustment was achieved by enhancing the
affinity of each JP facet for the water phase, resulting in the
modification of Δθ, which, in turn, impacted the polar angle α,
seen in Figure 2a. For example, a homogeneous particle (zero
amphiphilicity) has Δθ = 0°, while an anisotropic JP with

Table 1. Scaling Factors for DPD Computations

bead density
(beads/volume)

number of water molecules in one
bead

mass scale
(10−25 kg)

length scale
(10−10 m)

temperature scale
(K)

time scale
(10−12 s)

5 6 1.80 9.66 298 6.38

Table 2. Values of the Repulsion Parameter (aij) Used in the
Simulationsa

O W Phi Pho wall

O 15 129 ab cb 20

W 15 bb db 30

Phi 15 25 35

Pho 15 15.5

wall 15

aW and O represent water and oil, respectively, while the NPs include
hydrophilic (Phi) and hydrophobic (Pho) beads. bThe values of a, b,
c, and d that represent the interaction parameters of hydrophilic−oil
(Phi−O), hydrophilic−water (Phi−W), hydrophobic−oil (Pho−O),
and hydrophobic−water (Pho−W) beads, respectively, are provided
in Table 3.

Table 3. Values of the Repulsion Parameters (aij) for
Different Types of Nanoparticles

type of nanoparticle Phi−O Phi−W Pho−O Pho−W

A (hydrophobic nanoparticle) 15 50

Janus nanoparticle B
(3528−2530)

35 28 25 30

C
(3530−2540)

35 30 25 40

D
(5530−2540)

55 30 15 40

E
(5530−2580)

55 30 25 80

F
(2520−1550)

25 20 15 50

G (hydrophilic
nanoparticle)

25 20
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strong amphiphilicity is expected to align its equator with the
interface, and result in a polar angle α = 0°.
To set up the computations in the nanochannel, first, a

viscous fluid (oil) was placed in the channel, surrounded by a
lower-viscosity fluid (water), so a meniscus was formed across
the nanochannel (Figure 3a). After equilibrium was reached, a
body force was applied to the lower-viscosity fluid so that it
might displace the higher-viscosity fluid in the channel (see
Figure 3b). In this study, a Poiseuille flow was used, driven by
a pressure gradient applied in the DPD simulation as a body
force in the x direction. No-slip boundary conditions had to be
applied at the inner solid surface of the channel based on the
methodology reported previously:48 (1) freeze each wall bead
in order to avoid the migration of liquid beads into the wall
beads, (2) apply the bounce-back boundary condition at a
distance from the inner walls equal to 0.1 DPD units, and (3)
increase the friction coefficient between solid and liquid beads
by 2-fold relative to the value used for fluid−fluid interactions.
Periodic boundaries were applied in the other two directions.
The system was initially run with the NVE ensemble (i.e.,

constant number of particles, volume, and energy) to attain
thermal equilibrium before further analysis. This was applied
for 10,000 time steps. Recognizing the possibility of temper-
ature fluctuations under nonequilibrium conditions, we
employed a direct temperature rescaling thermostat for the
subsequent time steps by rescaling the velocities of the particle
every 200 time steps. This rescaling affected only translational
degrees of freedom. As a result, the temperature remained
constant at T = 1, employing the DPD units of temperature.
The simulation time step was set to Δt = 0.02 in DPD units.
The total number of time steps was 1,000,000. The software

program applied for visualizing system snapshots is the visual
molecular dynamics (VMD).49

3. RESULTS AND DISCUSSION

3.1. Characteristics of Nanoparticles and Their
Behavior at the Oil−Water Interface. In order to verify
that the computations accounted for the physical behavior of
the system, the NP behavior at the oil−water interface was
investigated first. The rotation of JPs when placed at a flat
interface under different initial conditions is shown in Figure 4.
The NPs were initially placed at the oil−water interface with
various orientations denoted by the angle α, including α = 0°

(Figure 4a); 0° < α < 180° (Figure 4d), and α = 180° (Figure
4g). Over the simulation time, a single NP commenced
rotating (Figure 4b,e,h) until it rested in its preferred position
at equilibrium (Figure 4c,f,i). It is thus confirmed that the
hydrophilic side of the JP tends to be in contact with the water
phase, whereas the hydrophobic face exhibits an affinity for the
oil phase regardless of the initial orientation of a particle at the
interface.
Measurements of the three-phase contact angle of oil

droplets in the water phase were carried out to evaluate the
wettability of hydrophilic and hydrophobic surfaces of NPs on
solid surfaces mimicking the JP faces. Using the example of the
JP (Case F), it was determined that the average droplet contact
angle on the surface of a solid wall was θPhi ≈ 95.6 ± 2.6° on
the hydrophilic side, whereas oil was spreading on the
hydrophobic surface corresponding to θPho ≈ 0°. The degree

of amphiphilicity can be estimated as 47.8
2

Phi Pho
= °.

The results for each Janus particle are summarized in Table 4.

Figure 2. (a) Schematic illustrating the polar angle (α) between vector n⃗ perpendicular to the Janus cap and vector k ⃗ normal to the oil−water
interface. Cyan is used to signify the hydrophilic face of the Janus particle, whereas pink is used to indicate the hydrophobic surface. The three-
phase contact angle formed by the oil droplet on a solid flat surface that exhibits the same wetting behavior as the hydrophilic facet of the JP is
referred to as θPhi and is shown in (b). The three-phase contact angle formed by the oil droplet on a solid flat surface that exhibits the same wetting
behavior as the hydrophobic facet of the JP is referred to as θPho and is shown in (c). Yellow spheres indicate the oil beads, whereas the water beads
are removed for the sake of clarity.

Figure 3. Two snapshots of the DPD model depict the oil and water meniscus located between two solid walls under (a) no flow and (b) a
Poiseuille flow. Ocher, blue, and yellow colors were applied to represent the wall, water, and oil beads, respectively.
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Altering the interaction parameter between the faces of the
Janus particle and the fluid phases results in a change in JP
amphiphilicity. Two types of homogeneous nanoparticles (i.e.,
no amphiphilicity) were considered, in addition to five types of
JPs in which the degree of amphiphilicity was altered.
The change in the orientation of JPs at the interface with

their amphiphilicity can be examined by placing the particles at
a flat oil−water interface to study the effect independent of the
curvature of the meniscus. The meniscus curvature might be
affected by the width of the nanochannel and/or the wetting

Figure 4. Janus particle type F (see Table 4) with different initial α-angle residing on the flat interface and the progression of its configuration
during the DPD simulation. (a−c) The scenario where α = 180° for time steps 0, 2000, and 10,000, respectively; (d−f) the case where 0° < α < 1
80° for time steps 0, 2000, and 10,000, respectively; (g−i) the case of α = 0° for time steps 0, 2000, and 10,000, respectively. The water and oil
beads are exhibited as blue and yellow, respectively. Cyan represents the hydrophilic part of the nanoparticle, while pink is used for the hydrophobic
face.

Table 4. Amphiphilicity of Different Types of Nanoparticles

type of nanoparticle Δθ

A (hydrophobic nanoparticle) 0°

Janus nanoparticle B (3528−2530) 10.7 ± 1.0°

C (3530−2540) 13.9 ± 1.5°

D (5530−2540) 17.3 ± 1.5°

E (5530−2580) 31.0 ± 1.0°

F (2520−1550) 47.8 ± 1.3°

G (hydrophilic nanoparticle) 0°

Figure 5. Impact of particle amphiphilicity on its orientation alignment at the interface for (a) a single nanoparticle and (b) 65% nanoparticle
coverage. The error bars represent two standard deviations obtained in each case.
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behavior of the channel walls. It is clearly shown in Figure 5
that the particle configuration at the flat interface depends on
the difference in amphiphilicity when no flow is present. The
homogeneous particles rotated freely at the interface with large
fluctuations in the orientation angle (α); in contrast, the
rotational freedom of JPs is limited (Figure 5a). These results
agree with previous findings that JPs of high amphiphilicity are
expected to have limited orientational freedom.14 There is a
slight decrease in the angle α as the amphiphilicity of the JPs is
enhanced, while there is no preferred orientation angle as the
homogeneous particles freely rotate at the interface, as
displayed in Figure 5b. Moreover, this trend is observed
regardless of the number of particles present at the interface. A
minor variation in orientation degree is shown for the case of
NPs that cover 65% of the interface area and when only one
NP is present at the interface. This is likely a result of the
interaction between NPs. The percentage of NP coverage at
the oil−water interface (cNP) was determined as follows:

c n
R

SNP

NP

2

= ×
×

, where n is the total number of NPs, RNP is

the radius of NP, and S is the total interfacial area between the
oil and water phases.
Next, the impact of NPs on the stability of the oil−water

interface and the role of amphiphilicity was examined. 65% of
the interfacial area was covered by the NPs at the oil−water
interface. The initial finger length at equilibrium, L0, is the
maximum distance between the apex of the meniscus and the
3-phase point of contact at the nanochannel wall in the x-
direction (see Figure 6). The contact angle θCA is the three-
phase contact angle between the oil phase and the solid wall
(Figure 6a). If the contact angle θCA is altered, then the length
of the finger will change. Assuming that the meniscus is the arc
of a circle, the three-phase contact angle and the L0 are related
as follows:

i

k

jjjjjjj

y

{

zzzzzzzr L2
arctan

CA

H

2

0

=

(10)

where H is the height of the channel and r is the radius of the

water droplet forming the meniscus,
( )

r
sin

H

CA

2

2

=
+

.

Figure 6. (a) Schematic illustration of the simulation geometry for an oil−water meniscus confined between two solid walls. Equilibration of an oil
droplet on a solid wall at different stages of the DPD computation for a system with (b) oil and water and (c) oil, water, and nanoparticles at
equilibrium. The ocher, blue, and yellow colors represent the wall, water, and oil beads, respectively. Cyan is displayed to indicate the hydrophilic
part of the nanoparticle, while pink represents the hydrophobic face. (d) Comparison of the finger length between different cases.

Figure 7. Illustration of the finger pattern (a) L0 at 10,000th time step in the absence of flow and (b) L1 at 34,000th time step in the presence of a
Poiseuille flow with a body force of gx = 0.0057. The wall and water beads are depicted using ocher and blue, respectively. (c) Ratio of finger

lengths ( )L

L

1

0
as a function of the capillary number (Ca) with different nanoparticle amphiphilicity.
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Figure 6b,c depicts a snapshot of the oil−water system
without and with NPs in a channel, respectively. The change of
the length of the meniscus at equilibrium, L0, as a function of
particles amphiphilicity is plotted in Figure 6d. There were no
significant changes observed due to the fact that the oil−water
interfacial tension (IFT) does not change (see Figure S1), in
accordance with the findings of previous studies.50−52 This
indicates that the length of the meniscus is not influenced by
the presence of NPs at equilibrium.
3.2. Meniscus Stability under Flow. 3.2.1. Fingering.

Water is a low-viscosity fluid compared to oil. When water
displaces a higher-viscosity fluid, fingering may be observed
depending on the flow conditions. In the simulations, the
velocity of the water phase was increased up to the point at
which droplets appeared to allow for the determination of
finger length. The development of fingering instabilities at the
meniscus can be characterized by dimensionless numbers,

typically the capillary number (Ca), expressed as Ca
V

IFT
=

×

,

where μ is the dynamic viscosity of the displacing fluid (water),
V is the velocity of water, and IFT is the interfacial tension
between the oil and water phases. Although the IFT did not
change when NPs were added at the oil−water interface, Ca
was affected by viscosity, velocity, and the different wetting
properties of NPs. In this study, the maximum velocity of water
was increased by changing the external body force, which
created the Poiseulle flow, resulting in the rise of the Ca
number.
As shown in Figure 7a, the equilibrium finger length (L0) is

determined by a computation without flow, whereas Figure 7b
illustrates the dynamic finger length (L1) calculated in the
presence of flow. The instability of the meniscus is influenced
by the presence of NPs located at the oil−water interface,

resulting in a change in L

L

1

0

ratio. Figure 7c shows a plot of the

dependence of the finger length ratio, L

L

1

0

, on the capillary

number. As expected, an increase in Ca leads to a
corresponding increase in the length of the finger. A straight
line can be fitted to the simulation data for different cases,
providing an equation of the following form:

L

L
m Ca n

1

0

= × +

(11)

The slope of the line (m), the y intercept (n), and the
coefficient of determination (R2) for all different cases
simulated are listed in Table 5.

In Table 5, it can be seen that when NPs are present in the
system, there is a higher slope of the line compared to the case
with no NPs. Therefore, the presence of particles at the fluid
interface, either JPs or homogeneous NPs, has an impact on
the fingering phenomenon. The deformation of the meniscus
exhibits variation, depending on the type of nanoparticles. The
bigger difference is observed for homogeneous NPs,

particularly in the case of hydrophobic NPs with m = 68.4,
while for hydrophilic NPs, the slope is m = 60, driven by
disparities in their surface wetting characteristics. The JP
amphiphilicity, however, does not appear to affect the slope of
the line, as seen in Figure 7 and Table 5. The effects of NPs on
the stability of the oil−water interface are also examined by
comparing the Ca at the point of significant fingering,
identified as the point at which the finger length L1 is at

least twice the value of L0; i.e., the ratio of
L

L

1

0

is greater than 2.

As seen in Figure 8, if the NPs are present in the oil−water
system, the Ca needed to reach the same finger length was
smaller when compared to the bare oil−water system. This
phenomenon occurs because NPs lead to a change in the shape
of the deformed meniscus when adsorbed onto the oil−water
interface. Therefore, the oil−water meniscus is more stable in a
system without NPs. In other words, a much higher water
velocity is required to observe the same ratio of finger lengths
when NPs are not present.

3.2.2. Detachment. As the water velocity increases, the
second instability occurs. Water detaches from the walls, and a
water droplet forms that flows in the center region of the
nanochannel. Hydrophobic solid walls were used in this study,
causing the oil phase to attach to the walls and leading to water
droplet creation at the center of the channel. The values of the
three-phase contact angle at which the detachment of the water
phase from the solid wall occurs are provided in Figure 9.
Despite the different types of NPs, there appears to be a critical
three-phase contact angle that is consistent at θCA = 48.9 ±

2.7°.
After detachment occurs, the form of the water droplet

resembles the formation of a Taylor bubble in classical two-
phase flow cases. This elongated bubble remains slender and
occupies nearly the entire cross section of the channel as it
moves through it. A Taylor bubble consists of four main
components:53 (1) a nose that resembles a hemisphere, (2) a
central region encompassed by a developing film, (3) a
developed film, and (4) a tail wake (see Figure 10). The value
of the body force required to reach the critical contact angle for
the detachment of water to create a droplet is shown in Figure
10a. The required critical body force does not display
significant differences whether NPs are present or not (it is
within 4%, with no systematic trend). The behavior of NPs
once a drop is formed was examined in detail to gain a better
understanding of how different types of NPs impacted the
droplet shape in the channel. In principle, the water droplet
tends to move forward, whereas the oil phase around the water
droplet moves under the push of water, creating a slip velocity.
Besides, as the water droplet moved to the center of the
channel under the Poiseuille flow, NPs rearranged at the oil−
water interface. It is seen that the NPs migrated to the rear side
of the droplets for all cases (Figure 10b−e). Similar
observations have been reported for surface-active species
(i.e., surfactants) by Luo et al.54 It was shown that the
surfactant exhibits a tendency to move across the surface of the
droplet, traversing from the front to the rear. Distinct from the
surfactants used in the study carried out by Luo et al., the
surface-active species in our simulation are NPs, but those
findings provide qualitative evidence to support the reliability
of our results.
In the computations presented here, the formation of a

second water droplet after detachment was not observed.
Additional computations (not presented here) with a

Table 5. Coefficients Appearing in Eq 11 and the Coefficient
of Determination (R2)

case m n R2

hydrophobic NP 68.4 0.4 0.97

all types of JPs 59.8 0.5 0.93

hydrophilic NP 60.1 0.4 0.97

no NPs 44.0 0.5 0.98
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computational box twice as long or twice as wide did not reveal
the formation of a second droplet. While droplet breakup has
been observed in different situations with many-body DPD
(MDPD),55,56 the primary focus in the present work is to
examine the behavior of a meniscus with the presence of NPs
at the oil−water interface and the detachment of water

droplets from the walls. The standard DPD technique serves as
a good tool for investigating this issue.
Next, we examined how NPs were arranged when the

droplet shape took its final form since the NP arrangement can
affect the final shape, size, and behavior of the resulting
droplets. As seen in Figure 10b−e, the NPs mostly remained at

Figure 8. Capillary number at which the finger length ratio is the same ( )2L

L

1

0
as a function of the NP wettability.

Figure 9. Three-phase contact angle (θCA) through the oil phase when detachment of the water occurs. The same number of nanoparticles were
located at the oil−water interface, corresponding to 65% particle surface coverage. The error bars were calculated by the standard deviation of three
contact angle measurements.

Figure 10. (a) Critical body force at which the water droplet detachment occurs. Simulation snapshot of a water droplet with nanoparticles located
at the oil−water interface, including (b) hydrophobic nanoparticles, (c) hydrophilic nanoparticles, and Janus nanoparticles with (d) Δθ = 10.7° and
(e) Δθ = 47.8°. The colors used to represent the wall, water, and oil beads are ocher, blue, and yellow, respectively. The color cyan indicates the
hydrophilic part of the nanoparticles, and the hydrophobic face is denoted by the color pink.
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the oil−water interface. In a few instances, some of the NPs
migrated into one of the two fluid phases depending on the
particle wetting properties. To determine which phase might
be preferred by the NPs when they were forced to partition
into one of the fluids, the NP interaction energy between a
single NP and either oil or water was calculated in a separate
set of computations. The NPs were placed in the simulation
box with only one fluid phase (only oil or only water), and the
interaction energy was calculated starting from the 10,000th
time step and then averaged over the next 1,000,000 time
steps. As seen in Figure 11, each type of NP exhibits different
interaction energies. This can be explained as follows: A higher
interaction energy when an NP is in the oil phase than when it
is in the water phase indicates a stronger attraction between
NPs and the oil phase. In other words, the NPs are more likely
to partition into the oil phase than in the water phase. The
cause of this behavior could be attributed to variations in the
surface chemistry of the NPs, which are determined by the
interaction parameters used in the simulations. Table 6
presents the changes in the average interaction parameters
between the hydrophilic or hydrophobic substrate of the NPs
and the oil or water phase. The favored phase is also indicated
in Table 6, where it is confirmed that the preferred phase is the
one in which the average repulsion is the lowest. Particles of
type B, where the affinity for either fluid phase is similar, tend
to remain at the interface as they modify the shape of the drop
(Figure 11d). In other cases, such as particles of type F seen in
Figure 11e, a few particles migrate to the oil phase instead of
modification of the drop shape.

4. CONCLUSIONS

In summary, we investigated the influence of different types of
NPs on the meniscus of oil and water in the channel, including
homogeneous nanoparticles (hydrophobic or hydrophilic) as
well as amphiphilic Janus nanoparticles with or without flow,
using coarse-graining simulation methods. At equilibrium, the

Janus particle’s hydrophilic face reoriented to be in contact
with the water phase, while its hydrophobic surface exhibited a
tendency to face the oil, regardless of the JP’s initial orientation
at the interface. From the calculated oil−water IFT values for
the case of NPs located at the oil−water interface, it can be
concluded that NPs do not affect the IFT in any significant
way, leading to minimal change in the equilibrium meniscus
length, L0.
Under an applied Poiseuille flow, a linear relationship

appears to apply between the finger length and capillary
number. The wettability of the NPs affects meniscus stability,
while the presence of hydrophobic particles increases finger-
like protrusions of water in oil. In contrast, detachment of the
water droplet occurs only when the three-phase contact angle
reaches the critical value of 48.9 ± 2.7°, which is independent
of the type of particles. Furthermore, the fluid velocity is also
important. We have found that the pressure difference is more
important for detachment from the wall and droplet formation,
as low-viscosity fluid displaces another fluid than the properties
of the particles, specifically when NPs are introduced into an
oil and water mixture. Finally, once a drop is formed, the NPs
do not distribute uniformly across the droplet surface, but
instead they form more densely packed patches on the rear
side of the drop. The NPs rearrange themselves on the oil−
water interface, and they might even partition into the oil or
water phases at the rear of the drop. The phase to which they
might partition depends on their surface chemistry.
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Figure 11. Interaction energy of one nanoparticle with oil or water plotted as a function of the different NP amphiphilicity.

Table 6. Average Interaction Parameters for the Oil Phase and Water Phase Applied for Different Types of Nanoparticles

particle type Δθ
a a

2

P O AP O+ a a

2

P W AP W+ favored phase for partition

A (hydrophobic nanoparticle) 0° 7.5 25 oil

Janus nanoparticle B (3528−2530) 10.7° 30 29 oil−Water

C (3530−2540) 13.9° 30 35 oil

D (5530−2540) 17.3° 40 35 water

E (5530−2580) 31.0° 40 55 oil

F (2520−1550) 47.8° 20 35 oil

G (Hydrophilic nanoparticle) 0° 12.5 10 water
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