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Abstract

A hybrid pore-scale simulation method using Lattice-Boltzmann (LB) coupled with Langevin-Dynamics (LD) is proposed to
investigate the transport physics of nanoparticles in microchannel. The controlling factors (i.e., ionic strength, particle diameter
and Reynolds number) are investigated in the attachment process of NPs. It is observed that a threshold value of attachment
efficiency exists as the ionic strength increases to about 0.01 M. Moreover, the ionic strength of aqueous phase has critical
effect on the transport behavior of NPs. For the purpose of quantitatively characterizing the structure of NP suspensions under
varying conditions, a general phase diagram including three flow patterns (isolated, transitional and clustered regime) is first
proposed for NP suspension with specified ionic strength and Reynolds number. The outcomes of this work provide valuable
insight on the critical importance of the particle size, ionic strength and hydrodynamic effects on the attachment and transport
process of NPs in porous media
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Abstract

A hybrid pore-scale simulation method using Lattice-Boltzmann (LB) coupled with Langevin-Dynamics (LD)
is proposed to investigate the transport physics of nanoparticles in microchannel. The controlling factors (i.e.,
ionic strength, particle diameter and Reynolds number) are investigated in the attachment process of NPs.
It is observed that a threshold value of attachment efficiency exists as the ionic strength increases to about
0.01 M. Moreover, the ionic strength of aqueous phase has critical effect on the transport behavior of NPs.
For the purpose of quantitatively characterizing the structure of NP suspensions under varying conditions,
a general phase diagram including three flow patterns (isolated, transitional and clustered regime) is first
proposed for NP suspension with specified ionic strength and Reynolds number. The outcomes of this work
provide valuable insight on the critical importance of the particle size, ionic strength and hydrodynamic
effects on the attachment and transport process of NPs in porous media.
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1 INTRODUCTION

Nanoparticles (NPs) have been extensively applied in various fields with distinctive size-dependent properties:
relatively large surface area and self-assembly behavior1,2. In solar thermal fields, NPs are great material
for enhancing the performance of solar systems as their high thermal conductivity3. In biomedical and
pharmaceutical fields, NPs, as a better drug carrier, could increase the therapeutic efficiency of the drugs,
weaken side effects and improve patient compliance4. In electronics fields, NPs are good sensors and photonic
materials for their unique structural, optical and electrical properties5. In mechanical industries, NPs are
also very promising for coating, lubricants and adhesive applications6. In the petroleum industry, NPs have
a variety of applications7. Nano-enhanced drilling fluid could form high-quality mud cake, improve wellbore
stability during the drilling process8. NPs also play an important role in enhancing oil recovery especially
in tertiary oil recovery: stabilizers of emulsion and foam7, rock wettability alteration9, interfacial tension
reduction9.

In the above process, one of the emergent concerns in common is to quantitatively characterize the transport
and attachment of nanoparticles in pore scale. Various methods have been developed to investigate it in
the last few decades. The Random sequential adsorption (RSA) is one of the earliest models to simulate
particles10,11. While to model a typical adsorption process, several strong assumptions have to be followed:
all particles adsorb directly on the surface, external forces, hydrodynamics and diffusion are negligible10,11.
Subsequently, Eulerian-Eulerian (EE) and Eulerian-Lagrangian (EL) are modeling methods that have been
introduced to investigate particles transport and attachment processes12,13. In EE models, the base fluid and
particles are continuous phases. Therefore, EE models are suitable for dense particles concentration which
particles could be considered a continuous phase14. However, EE models cannot investigate the behavior
of particles such as clustering15. In EL models, the base fluid is described by the Eulerian approach and
NPs are simulated by a Lagrangian approach which could be used for tracking the trajectory of particles.
The Euler-Lagrange model was developed for simulating fine particle suspension in liquids: sedimentation,
particle-induced stratification, and particle-laden turbulence16-18. Additionally, the Euler-Lagrange model
was used to investigate the influence of Brownian and gravitational forces on the velocity and transport of
induced CuO NPs in oil phase 19. While with the increased of injecting particle number, tracking trajectory
of every particle becomes intractable15.

The above works cannot take account of the effects of ion in solution. While the ionic strength affects
the structure of NP suspension. Brownian dynamics was applied to investigate the aggregation process
of TiO2 NPs in aqueous suspensions, the increased ionic strength would contribute the aggregation rate
of NPs20. A DEM-based model was developed for simulation of aggregation in suspensions of α-alumina
NPs21.The aggregation structures were captured with different PH, solid volume fraction and AC electric
fields. A constant-number direct simulation Monte Carlo (DSMC) model was developed for analysis of
NP agglomeration in aqueous suspensions. The result is still the ionic strength strongly influencing the
aggregation process of NPs22. The Lattice Boltzmann-Smoothed Profile method was used to investigate
ionic strength and zeta potential effects on colloid transport and retention processes. The result showed the
increase of ionic resulted in larger agglomerates, decreasing of pore void fraction and hydraulic conductivity23.
In addition, some experiment results showed the distribution pattern of NPs could not be only in aggregation
structures, but also in ordered pattern with various ionic strength24-26. While the investigation of distribution
pattern is focused on quiescent state. How to simulate the experiment result qualitatively and quantitatively
seems challenging. There are less researches on the flow pattern of NPs in the transport process with different
ionic strength, which hinders the understanding of underlying mechanisms of NPs transport in porous media.

In this work, we adopt and extend a two-way coupled lattice Boltzmann-Langevin dynamics (LB-LD) method
developed by Liu et al.27-29 to investigate the transport and attachment of charged NPs in a microchannel.
LB is a highly scalable method that can simulate single-phase and multiphase fluid flows and for incorporating
additional physical complexities 30,31. As previous demonstrated27, LD when properly coupled with the LB
method could simulate nanoscale particle and polymer suspensions in the presence of both thermal fluctuation
and long-range many-body hydrodynamic interactions with good accuracy. This study investigates the
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transport and attachment of hundreds of charged NPs in a microchannel, mainly focusing on the effect of
ionic strength and hydrodynamic effect on the transport and attachment processes.

The body of this work is organized as follows, the details of the lattice Boltzmann method and Langevin
dynamics are described in Section 2. Validations are presented in Section 3. Results and discussion are
presented in Section 4, followed by the conclusions in Section 5.

2 THEORY AND METHOD

2.1 Langevin dynamics method

The motion of NPs could be described by Langevin dynamics. Figure 1 shows the force analysis of the NP
in aqueous phase.

Where mi
p is the mass of NP i ,

−→
S

i

P is the random force of NPs reflecting the thermal fluctuation effect of

fluid,
−→
F

i

P is the friction force of NPs i ,
−→
V

i

P is the van der Waals force of NPsi ,
−→
E

i

P the electrostatic force

of NPs i. For the calculation of
−→
V

i

P , it can be divided into the van der Waals force between NPs and the
van der Waals force between NPs and the microchannel surface. The van der Waals force between NPs can
be calculated through the following equation32:

Where Acc is the Hamaker constant, N is the total number of NPs, W (
−→
D ij) is the van der Waals potential

energy between active NPs, T is the absolute temperature,Dij is the minimum distance of NP i and NPj ,
Ri and Rj is the radius of NP i and NP j .

The van der Waals force between NPs and microchannel surface can be calculated as follows

Where R is the radius of the NP,
−→
D is the minimum distance between NP surface and microchannel surface.

The calculation of
−→
E

i

P can be divided into electrostatic force between NPs and electrostatic force between
NPs and microchannel surface. The electrostatic force between NPs can be calculated by the following
equation.

Where κ is reciprocal of Debye length, Z is the interaction constant. Z can be calculated by Formulas.

Where ε0 is the vacuum dielectric constant,ε is the relative dielectric constant of water, z is the electrolyte
valence and ϕ1 is the surface potential of NP.

The electrostatic force between NPs and microchannel surface can be calculated by the following equation

For the friction force of NPs in the fluid, it is linearly correlated with the relative velocity of NPs and the
viscous fluid around them, which can be calculated by Formulas.

Where the friction coefficient ζ can be obtained by the Stokes formula:ζ = 3πµwdpψ.

In the formula, µw is the dynamic viscosity of the aqueous phase, ψ is the shape coefficient of the NPs, and
the value range between 0 to 1, where w is the aqueous phase, dpis the particle diameter, the velocity of
water−→u w (−→rP , t) at the corresponding position of particles needs to be obtained through interpolation.

The Brownian motion of NPs due to instantaneous momentum fluctuations from solvent atoms can be
characterized by random force, which satisfies the following relationship

where ?, ?[?]{x, y}, i and j run through all the particle indices, ?ij and ??? are Kronecker deltas, ?(t-t’) is the
Dirac-delta function, KB is the Boltzmann constant, T is the absolute temperature of the fluid bath, and
the angle brackets denote the average over the ensemble of realizations of the random variables.

3
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The velocity and displacement of NPs at corresponding time can be obtained by solving the above force

FIGURE 1 Schematic diagram of force analysis of NPs in aqueous phase

2.2 Lattice Boltzmann method

As a new alternative approach to solving the Navier-Stokes equations, LBM is used for simulate base fluid
phase. LBM as a mesoscopic particle-based algorithm assumes the fluid flow is composed of a collection of
pseudo-particles. LBM solves the discrete Boltzmann equation in velocity space by the particle propagation
and collision processes over a discrete lattice mesh. Complex collisions could be simplified by the single-
relaxation-time (SRT) Bhatnagar-Gross-Krook collision operator33. Multi-relaxation and entropy collision
operators can also be used to gain high numerical stability34-36. The evolution of particle distribution
function in single-relaxation-time is as follows.

τ is single relaxation time, −→e iis the unit vector of the particle velocity component andfi is the particle
distribution function ini direction. fsi is the distribution function of the force source term of the fluid in the
direction i . ΔtandΔr is the time step and the lattice step, correspondingly. In the range from incompressible
to slightly compressible (Ma < 0.3), the lattice Boltzmann equation can be restored to the Navier-Stokes
equation, and the expression of the distribution function of the equilibrium state f eqi can be obtained

The fluid density ρ and velocity −→u could be derived as corresponding the zeroth and first order moments
offi .

Cs is pseudo sound velocity, ν is fluid dynamic viscosity, Q is defined as discrete direction number, ωi is weight
coefficient in i direction, −→u is fluid velocity, I is characteristic tensor, initial value can be given according
to the actual situation. The macroscopic properties of fluid such as pressure and velocity are obtained by
calculating the distribution function.
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2.3 LB-LD coupling method

FIGURE 2 Schematic of NPs and fluid nodes

The coupling between the LB and the LD methods is based on the two-way coupling scheme originally

proposed by Liu et al.27,28. Specifically, the hydrodynamic force
−→
F

W

P is defined as the total force acting on
the fluid by NPs, and the formula is as follows

Where the fluid velocity at the NP position needs to be obtained by interpolation (Figure 2 ).

Ahlrichs37 uses bilinear interpolation to obtain the velocity of the fluid and reads only one layer of fluid
nodes around the NPs, which is the first order accuracy. The weight function is expressed as follows

where, ra represents the location of the fluid node and rp,a is the location of the center of the NPs.

Peskin38 proposed a new format of the weight function to read the two-layer fluid nodes around the NPs,
which is the second-order accuracy. The expression is as follows:

Following Liu et al.27, this study utilizes the bilinear interpolation method based on spatial point distance
to obtain the velocity of the fluid in the NP position, where the fluid velocity at the NP position can be
obtained by interpolation

Here, Nl represents the number of fluid nodes in the lattice space occupied by NPs. To add hydrodynamic
force to the fluid nodes, it is necessary to construct the format to meet the format and magnitude under the
lattice Boltzmann condition.

First define impulse density [30]

At each time step, the pulse density assigned to the fluid node can be calculated by the above formula. At
the same time, the pulse density can be transformed into the distribution function of the force source term
by the scheme proposed by He et al.39.

5
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The force source term distribution function is introduced into the lattice Boltzmann evolution equation to
simulate the interaction between NPs and fluid.

When using lattice Boltzmann method, the dimension of physical quantity needs lattice unit system. There-
fore, the physical quantities involved in LB-LD need unit conversion in this simulation. In the lattice
Boltzmann unit system, the lattice length, time step and fluid density are set to 1. The standardized single
relaxation time and lattice Boltzmann viscosity are τLB = τ/∆t andυLB = (2τLB − 1)/6 respectively.

The conversion coefficient selected in this study: length conversion coefficient Lr is 50 nm, time conversion
coefficient is tr = υLBυ

−1L2
r, and density conversion coefficient is 1000 kg/m3. The time conversion coefficient

depends on the fluid dynamic viscosity and lattice Boltzmann relaxation time. The density of the fluid is
set to 1.2 mPa·s. The absolute temperature is set to 373 K, for the sake of clarity, the LB correspondence
of the previously introduced quantities in the physical unit is shown in the following label ’ LB ’. LB in this
research is based on single relaxation BGK collision model. When using multi relaxation method40, more
parameters can be adjusted to obtain higher numerical stability, and the corresponding unit conversion is
not the same.

3 MODEL VERIFICATION

Example 1: Single particle relaxation in viscous flow

In this case, we consider the deceleration process of a SiO2 NP with momentum not zero in the static viscous
flow field to verify the validity of the implementation of the LB-LD two-way coupling scheme27. Each LB
boundary considers the periodic boundary, and sets two-dimensional computational domains of different sizes
(502, 702, 1002) to consider the influence of the flow field range on the deceleration process of a single NP.
The mass of NPs under LB unit system was set to be 29.3 and there is an initial velocity in the X direction.
The velocity was 0.01, and the initial position was set at the center of the calculation domain. The diameter
of NPs was set to100 nm, and the friction coefficient is set to 0.48. Only the friction force between NPs and
fluid is considered in this example.

6
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FIGURE 3 The momentum relaxation process of NP with different lattice Boltzmann fluid domains. The
calculation domains are 1002,702 and 502 with initial velocity of 0.01.

In order to characterize the momentum change process in the single relaxation process of the NP, the x and
y axes are characterized by standardized time and velocity, where the x axis is the dimensionless relaxation
time, which is defined as t/τr τr is the time scale parameter of the momentum relaxation of particles, and the
y axis is the dimensionless velocity, which is defined as the ratio of the current velocity to the initial velocity.
According to the research of Alder et al.41, the momentum relaxation process of single particle conforms to
the exponential decay law in the early stage, and then begins to enter the decay process of power function
relationship. This decay relationship in the middle and late stages is called the long tail effect, which also
reflects the fluid-particle coupling effect.

From Figure 3, the relaxation process of NPs is different under different computational domain conditions.
Under the condition of small computational domain (502), the particle momentum decay is smaller, because
in the case of small computational domain, the NPs relax to the equilibrium state by less viscous force. In
this simulation, the early decay relationship of NPs in the three computational domains follows exponential
decline, then the slope of the decay segment follows a power function relationship. Finally, the particles
enter the equilibrium state with the same velocity as the fluid. Due to the different computational domains,
the corresponding equilibrium velocity is negatively correlated with the size of the computational domain.

Example 2: Brownian motion in the dilute colloid system

Due to the collision of water molecules, NPs will generate irregular Brownian motion, which meets the
fluctuation-dissipation theory. Previous studies42,43 have shown that once the fluid phase satisfies the heat
dissipation theory through fluctuation dynamics, particle dynamics will automatically satisfy the heat dissi-
pation theory through the coupling of particle fluid. However, when considering the introduction of thermal
fluctuations at the same time, it is necessary to rescale the mobility of particles to capture Brownian motion,
and empirical scaling often lacks physical meaning37. Liu et al.27 chose not to add thermal fluctuations in
the fluid phase but only to add thermal fluctuations in the particle phase, directly capturing the Brownian
motion of particles, avoiding the empirical scaling problem. In this case, the calculation formula of random
force in the work of Liu et al.27 was used to consider the Brownian motion of NPs in the dilute colloidal
system, and the interaction force between NPs and NPs-microchannel surface was ignored. The influence of
random force on NPs was only considered to simulate the motion process. In the dilute colloidal suspension
system, the particle diameter of 10 nm, 50 nm, 100 nm, 1000 nm are simulated. The particle diffusion
problem in the long time scale and the two dimensional diffusion coefficient in the long time scale can be
calculated by the following formula.

where, < >represents the ensemble average of NPs, and D∞ represents the two-dimensional spatial diffusion
coefficient. In order to avoid the interaction between particles, the initial simulation should ensure that the
volume concentration of NPs is less than 0.1 %.

The Brownian diffusion coefficient of particles in a dilution boundaryless colloidal suspension system can be
theoretically calculated by Stokes-Einstein relation

where, DB is the theoretical solution of Brownian diffusion coefficient of particles, T is the absolute tem-
perature, andζ is the friction coefficient.

Figure 4 shows the relationship between the mean square displacement of NPs and time. In the logarithmic
coordinate system, the mean square displacement of NPs is basically linear with time, and the Brownian
diffusion coefficient increases with the decrease of particle size, which reflects that under the small particle
size, the relative impact level of water molecules on particles is more intense, and with the increase of particle
size, the impact of water molecules on particles is relatively weak.

Figure 5 shows the correlation between the simulation results and the Stokes-Einstein relation curve. The
simulation results are in good agreement with the theoretical solution, which proves that the method can

7
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capture the Brownian motion of NPs.

FIGURE 4 The relationship of mean squared displacements and time with various particle sizes

FIGURE 5 Comparison between theoretical and simulated results of Brownian diffusion coefficient

Example 3: The attachment efficiency of NPs onto channel surface

In the works of 14,44,45, two dimensionless parameters are used to characterize the electrostatic force. Given
as

8
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Where NE1 and NDLrepresents the magnitudes of surface potentials and the ratio of NP radius to double layer
thickness, respectively. ϕ1andϕ2 are the surface potentials on the NP and microchannel surface, respectively.

In this work, ϕ1 and ϕ2 are both equal to -30 mV, and NE1 is 9; Reynold number equals to 1. The relationship
of NDL and attachment ratio of NPs is depicted in Figure 6. The attachment ratio of NPs is increased with
the augment of NDL .

By comparison, it is found that the current simulation results are in good results with the previous ones,
which verifies the effectiveness of this developed LB-LD method. It not only verifies the correctness of the
LBM used to simulate the flow field, but also verifies the correctness of the particle dynamics simulation,
which lays the foundation for the following simulation of particle transport and attachment processes.

FIGURE 6 Attachment ratio of NPs in a microchannel versus NDL with Re = 1, NE1=10 and comparison
with results of Ramezanpour et al.14

4 RESULTS AND DISCUSSION

4.1 The attachment of NPs in a microchannel

A variety of factors could affect the attachment of NPs over the transport process, at least including, NP
diameter, Reynolds number, ionic strength, NP and microchannel surface potential. In this section, the
impacts of all the above factors onto the attachment of NPs are investigated comprehensively.

In Figure 7, L is the length of the microchannel and H is the width of the microchannel. The inlet boundary
condition is constant velocity boundary condition and the outlet is constant pressure condition. The L
equals to 24 μm and H is 1.2 μm in the whole simulation. The other main physical parameters used in the
simulation are showed in Table 1. The transport and attachment processes of NPs in a microchannel are
showed in Figure 8. As a result of particle-wall interaction, particle-particle interaction and hydrodynamic
effect, the transport behavior and attachment efficiency of NPs could be quite different.
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TABLE 1 The range of physical parameters used in the simulation.
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Parameters Values

Particle diameter 5 – 25 nm
Reynold number, Re 0.1 – 10
Ionic strength (salt concentration) 0.001 – 0.1 M
Surface potential of NPs Surface potential of wall Temperature -50 – -10 mV -20 mV 373 K

FIGURE 7 A schematic diagram of the geometry characteristic of the microchannel

FIGURE 8 Transport and attachment processes of NPs. The NPs are injected randomly form the inlet of
microchannel.

Figure 9 shows the relationship between NP diameter and attachment efficiency with different Re . The
attachment efficiency is defined as the number of NPs attaching onto the microchannel over the total injection
number of NPs. The attachment efficiency is negatively linearly correlated to the particle diameter. And
the slopes of the three lines are degressive with enhanced Reynold number. Because the diffusion coefficient
of smaller particle is higher as showed in Figure 5. The random Brownian motion plays an more important
role in attachment process thus NPs have more probability of attachment to the microchannel surface. As
the increases of Re (i.e., the hydrodynamic effect in Eq. 8 would be enhanced), the convection of NPs flow
is more dominant than the diffusion, leading to the further dampened of attachment process. Therefore,
the NP with strong Brownian diffusion and weak hydrodynamic effect is prone to have high attachment
efficiency

Figure 10 shows the relationship between ionic strength (IS) and attachment efficiency with different Re
. The ionic is assumed to 1:1 electrolyte NaCl. The zeta potentials of NPs in different IS are referred
from46-48.When the ionic strength is 0.001 M, NPs are hardly attached to the microchannel. While increase
of the ionic strength leads to higher attachment efficiency. All these three lines show corresponding threshold
value with the 0.01 M ionic strength. The reason for different ionic strength lays in the electrostatic force
between NPs and the microchannel surface. When the ionic strength is lower (0.001 M), the interaction
force between NPs and the microchannel surface shows repulsive characteristic since the electrostatic force

11
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is more dominant than van der Waals force. Then the increase of ionic strength results in the compressed
electric double layer and lower zeta potentials of NPs. Therefore, the interaction forces between NPs and the
microchannel surface behave like attractive characteristic. When the ionic strength increases to 0.01 M, the
van der Waals attractive force is much greater than the electrostatic force. The effect of van der Waals force
on the attachment behavior of NPs could be dominant. Additionally, the increased Re will lead to lower
attachment efficiency in the same ionic strength. This is also because the hydrodynamic damping effect.

FIGURE 9 Attachment ratio of NPs versus diameter under different Re number. The ionic strength is
0.001 M and the surface potential of NPs is -50 mV.
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FIGURE 10 The effect of NP ionic strength on the NP attachment ratio for different values of Reynolds
number. The diameter of NPs is 20 nm.

4.2 Flow pattern of NPs in the transport process

In this section, the effect of the interaction force influencing the NP flow pattern is investigated.

When investigating the NP attachment process, most models are ignoring the interaction force between NPs
and collisions between NPs. While the interaction forces between NPs should not be omitted in dense colloid
system. Therefore, this case adopts one-way coupled LB-LD method. The interaction forces affect the flow
regime of NPs in bulk flow and diffusion of NPs. This model which considers the interaction forces could
simulate the transport and attachment process of NPs more accurately.

The aggregation rate is represented by coordination number. The coordination number is defined as the
contacts number of particle over the total primary particle number21. As exhibited in Figure 11, the ag-
gregation rate is increased with the improvement of salt concentration. The coordination number of NPs
are about 0.04, 0.5, 1.5, 8 with corresponding ionic strength of 0.001 M, 0.005 M, 0.01 M, 0.1 M. Figure 12
shows potential curve of NP-NP interaction in different ionic strength. The energy barrier decreases with
the increase of ionic strength. According to the DLVO theory, the electric double layer is compressed with
the increase of the ionic strength. Therefore, the electrostatic potential decreases and the interaction energy
is dominant by van der Waals potential.

Figure 13 shows the distribution pattern of NPs in quiescent condition with different values of IS. It is
clearly showed that the ordered pattern of particles in lower ionic strength (0.001 M) and clustered pattern
in higher ionic strength (0.1 M). The intermedia range of IS (0.005 M and 0.01 M) shows a mixture of
ordered and clustered NPs. Different distribution pattern could be interpreted by the DLVO theory. When
the ionic strength is lower, the electrostatic potential energy greater than van der Waals potential energy. In
other words, the electrostatic force is stronger than van der Waals force. The particles tend to repulsive to
each other, resulted in better stability. While in high ionic strength (0.1 M) van der Waals attraction force
dominates electrostatic repulsion and cause the NPs to aggregate.

FIGURE 11 The aggregation rate of NPs with different values of ionic strength ‘

(Corresponding ionic strength is 0.001 M, 0.005 M, 0.01 M, 0.1 M with particle size of 20 nm. The aggregation
rate is simulated in stationary state)
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FIGURE 12 The potential curve of NP-NP interaction in different ionic strength. The ionic strength is
0.001 M, 0.005 M, 0.01 M, 0.1 M with particle size of 20 nm.

FIGURE 13 NPs distribution pattern with different values of ionic strength and NPs surface potential.

(Corresponding ionic strength is 0.001 M, 0.005 M, 0.01 M, 0.1 M with particle size of 20 nm.)

Table 2 shows the max coordination number used for classifying the different flow patterns in the transport
process of NPs. The coordination number is an important factor to describe the aggregation structure.
When the max coordination number is less than 0.1, the flow pattern of NPs is isolated regime. When the
max coordination number is more than 1, the flow pattern of NPs is clustered regime. And when the max
coordination number is between 0.1 and 1, the flow pattern of NPs is transitional regime.

A general phase diagram composed of three flow patterns considering hydrodynamic effect and DLVO theory
is obtained in Figure 14. Compared with quiescent condition, when the ionic strength is strong (0.1 M), NPs
present a clustered state, as the decrease of the ionic strength, the NP flow behaves like mixed structure.
Finally, the NP depicts isolated regime as the magnitude of ionic strength is lower. The increasedRe induces
parabolic shape of flow patterns. The stronger hydrodynamic effect resulted in better dispersion. The general
phase diagram is important for predicting the flow pattern of NPs in specified values of ionic strength and
Re .

TABLE 2 Coordination number of NPs with different ionic strength and Re.
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Re IS(M) 0 0.01 0.1 1

0.001 0.04 0.03 0.86 0.33
0.005 0.50 0.65 0.73 0.45
0.01 1.50 1.69 1.32 0.57
0.1 8.05 9.14 5.76 1.09

FIGURE 14 General phase diagram of NPs flow regime with different values of ionic strength and Re. (The
diameter of NPs is 20 nm. The blue, green and red are representing isolated, mixed and clustered regime
respectively. The aqueous phase is hid to see the flow pattern of NPs clearly.)

5 CONCLUSIONS

The transport and attachment processes of charged NPs are investigated by extending the two-way coupled
LB-LD method27,28. Random force of NPs, friction force of NPs, van der Waals force and electrostatic force
between NPs and the microchannel are considered in this Euler-Lagrange method. Moreover, this method
considers the van der Waals force and double layer electrostatic force between NPs in order to simulate the
transport and attachment process of NPs more accurately. The results provided valuable information on
the underlying mechanisms of transport and attachment processes of NPs. 1 The attachment behavior of
NPs is governed by DLVO theory, Brownian diffusion and hydrodynamic effect. The attachment efficiency is
decreasing with the increasing nanoparticle diameter due to the diffusion coefficient is negatively correlated
with the particle diameter. The increasing Reynolds number decreasing the attachment chance of NPs for the
Hydrodynamic damping effect. 2 There exists a critical ionic strength for the attachment efficiency, beyond
which the NPs do not attach to the microchannel because the van der Waals attractive force is much greater
than the electrostatic force. The effect of van der Waals force on the attachment behavior of NPs could
be dominant. 3 For relatively high ionic strength (more than 0.01 M), a clustered structure of nanoparticle
suspensions is observed for the dominance of van der Waals force; whereas for relatively low ionic strength
(less than 0.005 M), an ordered structure of nanoparticle suspensions is obtained due to the dominance of
electrostatic repulsion force. 4 A general phase diagram including these flow patterns (isolated, transitional
and clustered regime) is obtained for predicting the transport behavior of NPs with specified ionic strength
and Reynolds number.
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This coupled LB-LD method achieves the efficient-yet-rigorous characterization of NPs transport and attach-
ment processes. Moreover, this method can be extended to investigate transport and attachment processes
of NPs with multiphase flow in porous media in the future.

NOMENCLATURE

Acc the Hamaker constant (J)

Cs pseudo sound velocity (m s-1)
Dij the minimum distance between NP i and NP j
D∞ the two-dimensional spatial diffusion coefficient (m2 s-1)
DB the theoretical solution of Brownian diffusion coefficient of particles (m2 s-1)
dp the diameter of NP (nm)
−→
E

i

P the electrostatic force of NPs i (N)
−→e i the unit vector of the particle velocity component
−→
F

i

P the friction force of NPs i (N)
fi the particle distribution function in i direction
fsi the distribution function of the force source term of the fluid in the direction i
f eqi the distribution function of the equilibrium state
H the width of the microchannel (μm)
I characteristic tensor
L the length of the microchannel (μm)
mi

p the mass of NP i (kg)
N the total number of NPs
NE1 the magnitudes of surface potentials
NDL the ratio of NP radius to double layer thickness
Q discrete direction number
R the radius of NP (nm)
ra the location of the fluid node (m)
rp,a the location of the center of the NPs (m)
−→
S

i

P the random force of NPs (N)
T the absolute temperature (K)
−→u fluid velocity (m s-1)
−→u w (−→rP , t) the velocity of water at the corresponding position of particles (m s-1)
−→
V

i

P , the van der Waals force between NPs (N)
Z the interaction constant
z the electrolyte valence
Greek symbols
ε0 the vacuum dielectric constant, ε0 = 8.85*1e-12 F/m
ε the relative dielectric constant of water, ε = 78.5
κ reciprocal of Debye length (m-1)
τ single relaxation time
ϕ1 the surface potential of NP (V)
ϕ2 the surface potential of microchannel (V)
ζ the friction coefficient
µw the dynamic viscosity of the aqueous phase (mPa·s)
ψ the shape coefficient of the NPs
ωi weight coefficient in i direction
?ij Kronecker deltas
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Acc the Hamaker constant (J)

??? Kronecker deltas
Subscripts
w Water phase
p nanoparticle
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