
Size E®ects on Droplet Displacing

Process in Micropores by Multiscale Modeling

Fanli Liu* and Moran Wang†

Department of Engineering Mechanics

Tsinghua University, Beijing 100084, P. R. China
*liu-fl17@mails.tsinghua.edu.cn

†mrwang@tsinghua.edu.cn

Received 13 June 2020
Accepted 26 July 2021

Published 28 August 2021

Transport mechanisms of small droplets on walls in micropores become signi¯cant for appli-

cations in energy, resource and biomedical engineering, however, a suitable numerical tool
remains challenging. Macroscopic approach is ideal both in computing cost and simplicity but

its applicability is doubted for nanoscale droplet, yet no clear evaluation on when exactly does it

become invalid has been made. This work evaluates the applicability of macroscopic approach
for the displacing process of droplet in a micropore and investigates relevant size e®ects, by

comparing the simulation results of multiscale modeling and macroscopic method. Three types

of size e®ects a®ecting the displacement results are identi¯ed: Laplace pressure, low interfacial

density, and breakdown of macroscopic description. For the system studied, the Laplace pres-
sure dominates for relatively big droplet, then low density region becomes signi¯cant for drop

diameter smaller than 18 times molecule diameter, and ¯nally macroscopic description gradu-

ally fails for drop diameter smaller than 13 times molecule diameter. We further investigate the

in°uences of system scale and °uid type on these size e®ects and discuss the relative importance
of each size e®ect under di®erent conditions. Results indicate that traditional macroscopic

approach may be invalid even when continuum assumption still holds due to other size e®ects,

and corrections for those e®ects can be made to extend the applicability of macroscopic method.

Keywords: Size e®ect; droplet displacement; unconventional oil recovery; multiscale simulation.

1. Introduction

Oil may exist as nano-droplets massively attached to rock walls of micro-pores in

many unconventional oil reservoirs, and oil recovery by °ooding is essentially a

process of displacing tiny droplet in a micro-pore by another °uid.1 Investigating

such process can help understand the underlying transport mechanism and possibly

bene¯t not only oil industry but also other ¯elds where similar phenomena exist.2–5

Choosing the suitable numerical tools for such process, however, leads to another

problem. There are lots of studies on macroscale drop displacement,6–10 but the
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applicability of traditional macroscopic approach is generally doubted for such tiny oil

droplet that its transport details may not be captured and continuum assumption may

break down.11 Purely microscopic approach, like molecular dynamics (MD), is not

suitable either because the scale of the channel is in the order of a few micrometers,

making MD unacceptably expensive in computational cost and unnecessary. In recent

decades, researchers have developed a multiscale hybrid modeling method to resolve the

dilemma.12 The idea of multiscale hybrid modeling dates back to 1995 when O'Connell

and Thompson proposed a domain decomposition scheme to couple di®erent scales13

and since then lots of researchers have contributed in this ¯eld and improved the original

algorithm.14–20 It is believed that the state-of-the-art multiscale tool can simulate such

multiscale process correctly with a®ordable computing cost, but multiscale approach has

its own drawback of being complex and much more time consuming than macroscopic

method, which would be the most ideal approach if it still applies for nano-droplets.

Therefore, it would be helpful to know when exactly does macroscopic method fail

and why. To the best knowledge of the authors, the speci¯c size of the microscopic

region in a general multiscale problem that makes macroscopic approach invalid has

not been clari¯ed in any previous work. In fact, some macroscopic method can

achieve excellent agreement with MD down to nanoscale.21,22 Although it is well

accepted that the limitation of resolution and the breaking of continuum assumption

determine when macroscopic methods fail at molecular scale, some works suggest

that even when the problem can be resolved by macroscopic method and continuum

assumption still holds, certain size e®ects at small scale lead to incorrect results.23

For the multiscale and multiphase displacing process where the strong interaction

between droplet and °ow adds to the complexity, possible size e®ects of the droplet

has not been studied. Therefore, the aim of this work is to evaluate the applicability

of macroscopic approach during droplet displacing process and investigate relevant

size e®ects. The process of displacing droplet in a microchannel is simulated by both

multiscale hybrid modeling and purely macroscopic method for monoatomic °uids

with varying droplet sizes. Results by di®erent approaches are compared to identify

possible size e®ects. Then the in°uences of the system scale and °uid types on those

size e®ects are studied. The relative signi¯cance of each size e®ect and possible

corrections for macroscopic method to include those e®ects are also discussed.

2. Numerical Methods

2.1. Physical model

A two-dimensional model is adopted to represent the displacing process of droplet in

a microchannel. As Fig. 1 shows, the system consists of two parallel plate walls with a

droplet initially located on the center of the lower wall, and the bulk region is ¯lled

with another °uid. When simulation begins, the upper wall moves with a constant

velocity to drive the bulk °uid, and droplet is displaced with the °uid °ow.

In most cases, the height of the simulation domain between walls is 371.14 Å, the
length 222.69 Å, and the upper wall velocity 94.75m/s. The diameter of the droplet
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is in the order of nanometer and is varied in di®erent cases. Two systems of di®erent

°uids are studied: in the ¯rst system, liquid argon droplet is displaced by liquid argon

at a bulk temperature of 120K and pressure of 5MPa, the interaction between

droplet and bulk °uid is modi¯ed to achieve phase separation, while in the second

system liquid n-butane droplet is displaced by water at 300K and 4MPa. Other

parameters and boundary conditions for di®erent methods are introduced in

following sections.

2.2. Multiscale hybrid modeling

2.2.1. Domain decomposition

In a multiscale approach, as Fig. 1 illustrates, the simulation system is divided into

two spatial domains, the molecular domain and the continuum domain. MD simu-

lation is performed in the molecular domain, while lattice Boltzmann method (LBM)

is adopted in the continuum domain. In the overlap region that belongs to both

molecular and continuum domain, both types of simulations are performed. Coupling

scheme for both scales in the overlap region is the key of this algorithm. Details of

those methods are introduced in following sections.

2.2.2. MD in the molecular domain

As indicated by Fig. 1, MD is used to simulate the part of the system where the

distance to the lower wall is smaller than 111.343 Å to capture the molecular details

Fig. 1. Diagram of the simulation system. Droplet is initially located on the center of lower wall.

The whole system is divided into two spatial domains, the molecular domain and the continuum domain,
with an overlap region belonging to both domains.
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near the droplet. Argon and silicon walls are respectively adopted for the argon–
argon system and butane–water system, with the interaction between walls and

°uids modi¯ed to mimic no-slip boundary condition. The Lennard-Jones parameters

of simple wall and °uid atoms are listed in Table 1. The SPC/E model is used for

water, while a coarse-grained force ¯eld model for n-butane is introduced in Table 2,24

where r is the distance between atoms, � is the bond angle, and ’ is the angle of

torsion. The locations of atoms and mass centers of molecules are initialized in dif-

ferent FCC lattices, at densities under set temperature and pressure of corresponding

system, which are listed in Table 3 along with other macroscopic properties.

Note that the z-direction, the direction perpendicular to the paper, has a ¯nite

length of 16 Å in MD simulation. Periodic boundary conditions are adopted in both

x- and z-directions. The interface condition in y-direction in the overlap region will

be introduced later. An NVE ensemble is used for the simulation and only temper-

ature of °uids is maintained via a Nose–Hoover thermostat as the velocity of wall

atoms is kept constant. Using a time step of 1 fs, the system is ¯rst relaxed with no

external force and zero wall velocity for 3 ns, and then the displacing begins with a

constant velocity assigned to upper wall for 16 ns. The density and displacement of

Table 1. Lennard-Jones parameters of simple wall and °uid atoms.

Atom type Characteristic energy Characteristic length Cut o®

Ar 119.8 K 3.41 Å 12 Å
Si 293.9 K 3.39 Å 12 Å

Table 2. Coarse-grained force ¯eld model for n-butane.

Physical aspect Potential function Parameters

Non-bonded interaction 4"½ð�rÞ12 � ð�rÞ6� � ¼ 3:93 �A "CH3
¼ 114K "CH2

¼ 47K

Bond stretching � HQ0

2 ln½1� ðr�r0
Q0

Þ2� H ¼ 96; 500K=�A2
Q0 ¼ 1:572 �A r0 ¼ 1:54 Å

Bond bending 1
2 k�ð�� �0Þ2 k� ¼ 62; 500K=rad2 �0 ¼ 114�

Angle torsion ½V1ð1þ cos’Þ þ V2ð1� cos 2’Þ
þV3ð1þ cos 3’Þ�/2

V1 ¼ 355:03 K V2 ¼ �68:19K V3 ¼ 701:32K

Table 3. Macroscopic parameters used in simulation.

Macroscopic parameters Argon-argon system Butane-water system

Temperature 120K 300K
Pressure 5MPa 4MPa

Density 1191.6 kg/m3 576.9 kg/m3 (butane); 998.1 kg/m3 (water)

Viscosity 118.8�Pa � s 163.7�Pa � s (butane); 853.2�Pa � s (water)
Interfacial tension 34.2mN/s 63mN/s

Contact angle 83.8� 77�

F. Liu & M. Wang
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the droplet is calculated for further comparison. The result for each case is the

average of eight cases that are identical except for the random number seed.

2.2.3. LBM in the continuum domain

As indicated by Fig. 1, LBM is used to simulate the part of the system where the

distance to the lower wall is larger than 55.67 Å, where only the bulk °uid phase

exists. The evolution equation for the distribution function is

fiðx þ ei�t; tþ�tÞ � fiðx; tÞ ¼ � 1

�
½fiðx; tÞ � f eq

i ðx; tÞ�; ð1Þ

where fiðxtÞ is the distribution function for the velocity vector ei in a standard D2Q9

lattice at place x and time t, � is the relaxation time, and the superscript in f eq
i ðxtÞ

indicates it is the equilibrium distribution function, which is computed from the

macroscopic density � and velocity u as follows:

f eq
i ¼ �!i 1þ 3ðei � uÞ

c2
þ 9ðei � uÞ2

2c4
� 3ðu � uÞ

2c2

� �
; ð2Þ

where c ¼ �x=�t is the ratio of one grid length to one time step, and !i is the

weighting factors de¯ned as follows:

!i ¼

4

9
; i ¼ 0

1

9
; i ¼ 1; 2; 3; 4

1

36
; i ¼ 5; 6; 7; 8

8>>>>>><
>>>>>>:

ð3Þ

and macroscopic velocity and density can be obtained by the distribution functions:

� ¼
X8
i¼0

fi; �u ¼
X8
i¼0

fiei: ð4Þ

Note that the macroscopic properties of °uids in Table 3 are used as input para-

meters for LBM. Periodic boundary condition is adopted in the x-direction, and

bounce-back method is used at upper wall, which leads to no-slip condition for °uids.

The interface condition in y-direction in the overlap region will be introduced later.

The duration of LBM simulation is the same as MD, but with a much bigger time

step, 500 fs, and a grid length of 18.56 Å.

2.2.4. Coupling in the overlap region

The coupling between scales is achieved by a Schwartz alternation method14: MD

and LBM provide interface conditions for each other alternately in the overlap re-

gion. The interface conditions from MD to LBM are straightforward. Density

and velocity for LBM is calculated by doing an average for particles within each
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LBM grid:

�J ¼ 1

V

X
J

mi; ð5Þ

�JuJ ¼ 1

V

X
J

miui; ð6Þ

where V is the volume of one grid,mi and ui respectively the mass and velocity of the

ith particle in gridJ, �J and uJ respectively the macroscopic density and velocity

obtained. Note that the time step in LBM is 500 times as one in MD, therefore, the

interface density and velocity for LBM is the average of �J and uJ in previous 500 MD

time steps.

The interface condition from LBM to MD is somehow tricky, as the state of

particles is not uniquely determined by a few macroscopic parameters. A constraint

method is used to make the mean particle velocity in grid J agree with the continuum

solution, by modifying the total force exerted on each particle in grid J :

u
:
i ¼

Fi

mi

� 1

NJmi

XNj

n¼1

Fn þ
DuJ

Dt
; ð7Þ

where F i is the total force exerted on the ith particle by all other particles, NJ is the

number of particles in grid J , Fn is the force exerted on the ith particle by the nth

particle in grid J , and DuJ=Dt means the material derivative. For details, please

refer to Ref. 16. The mass °ux conservation is realized by adding or deleting particles

in the overlap region according to the continuum velocity, as in Liu et al.'s work.16

Besides, additional interface condition is needed to prevent particles from entering

the continuum domain. A newly proposed virtual wall scheme is adopted,25 which

has advantage over traditional method of preventing force26 in that shear stress in

the molecular domain is correct. More details about coupling in the overlap region

can be found in our previous work.16

A single-phase Couette °ow and a single-phase Poiseuille °ow have been solved by

our multiscale approach as a benchmark.25 The evolutions of the velocity pro¯le

agree well with analytical solutions.

2.3. Purely macroscopic approach: Multiphase LBM

LBM can be applied to study a multiphase problem with suitable models. A Roth-

man–Keller-type model is adopted in our work to simulate the whole system.27,28

Two distribution functions need to be de¯ned for the two °uid phases in our system.

The relation between distribution functions and macroscopic properties and the

evolution equations are indicated as follows:

�ðkÞ ¼
X
i

f
ðkÞ
i ; � ¼

X
k

�ðkÞ; �u ¼
X
k

X
i

f
ðkÞ
i ei; ð8Þ

f
ðkÞ
i ðx þ ei�t; tþ�tÞ � f

ðkÞ
i ðx; tÞ ¼ �

ðkÞ
i ðf ðkÞ

i ðx; tÞÞ; ð9Þ

F. Liu & M. Wang
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where the superscript k represents di®erent phases and � stands for the collision

term, which can be divided into two collision terms:

�
ðkÞ
i ¼ � 1

�
ðf ðkÞ

i ðx; tÞ � f
ðkÞ;eq
i ðx; tÞÞ þ AðkÞ

2
jFj !i

ðei � FÞ2
jFj2 �Bi

� �
: ð10Þ

The ¯rst collision term is similar to the single-phase BGK collision term except

that the relaxation time in the multiphase region needs to be interpolated and the

equilibrium distribution is calculated di®erently:

f
ðkÞ;eq
i ðx; tÞ ¼ �ðkÞ Ci þ !i

3ðei � uÞ
c2

þ 9ðei � uÞ2
2c4

� 3ðu � uÞ
2c2

� �� �
þ©

ðkÞ
i ; ð11Þ

Ci ¼

�ðkÞ; i ¼ 0

1� �ðkÞ

5
; i ¼ 1; 2; 3; 4

1� �ðkÞ

20
; i ¼ 5; 6; 7; 8

8>>>>><
>>>>>:

; ð12Þ

where �k is a parameter adjusting the density ratios between two °uids and �k
i is a

correction term proposed by Leclaire et al.27 In the second collision term, F is the

color gradient approximately perpendicular to the °uid interface, Bi is a ¯xed pa-

rameter, and Ak is a free parameter to determine the surface tension:

F ¼
X
i

eið�ð1Þðx þ ei�tÞ � �ð2Þðx þ ei�tÞÞ; ð13Þ

Bi ¼

� 4

27
; i ¼ 0

2

27
; i ¼ 1; 2; 3; 4

5

108
; i ¼ 5; 6; 7; 8

8>>>>>><
>>>>>>:

; ð14Þ

� ¼ ðAð1Þ þ Að2ÞÞ�
9

X
x

jFj: ð15Þ

Usually a recoloring operator is used after collision and before streaming to achieve

phase separation. The distribution functions after collision denoted by a superscript

\�", the recoloring algorithm has the following form:

f
ð1Þ
i ¼ �ð1Þ

�
f �
i þ �

�ð1Þ�ð2Þ

�2
cosð	iÞ

X
k

f
ðkÞ;eq
i ð�ðkÞ; 0; �ðkÞÞ; ð16Þ

f
ð2Þ
i ¼ �ð2Þ

�
f �
i þ �

�ð1Þ�ð2Þ

�2
cosð	iÞ

X
k

f
ðkÞ;eq
i ð�ðkÞ; 0; �ðkÞÞ; ð17Þ

where cosð	iÞ ¼ ei � F=ðjei j � jFjÞ.
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Similar to the single-phase LBM, the macroscopic properties of °uids in Table 3 is

used as input parameters. Di®erent contact angles are achieved by assigning di®erent

densities to wall nodes. Periodic boundary condition is adopted in the x-direction,

and bounce-back method is used at both walls, which leads to no-slip condition for

°uids. The duration of multiphase LBM simulation is the same as multiscale hybrid

modeling, and in order to resolve molecular scale, a grid length of 1.86 Å and a time

step of 1.35 fs are adopted. The multiphase model has been benchmarked by a

layered Couette °ow with di®erent density ratios.29

2.4. Macroscopic correction for Laplace pressure

The interfacial tension will lead to a huge pressure di®erence across the curved

surface of extremely small droplet, which is one possible size e®ect that invalidates

macroscopic method, as the actual density and viscosity of droplet are di®erent from

those inputted and the method itself cannot capture well the change of properties

due to huge pressure. However, it is possible to consider this e®ect beforehand. The

relation between droplet size, density, and pressure di®erence is shown as follows:

Pdrop � Pbulk ¼
�

R
; ð18Þ

�drop ¼ M

ð�R2 �R2 sinð2�Þ=2ÞLy

R; ð19Þ

where �, R, M , and � are respectively the density, radius, mass and contact angle of

droplet, and Ly is the length in the y-direction of the simulation domain. Given the

mass and original input size of the droplet, the pressure inside the droplet is calcu-

lated and the corresponding density at this pressure can be found in NIST.30 The

actual size of droplet is obtained by adjusting the input size until the theorectical

density agrees with the density calculated from input size. By using the actual size

and corresponding °uid properties as input parameters, the change due to Laplace

pressure is captured. Note that this correction is only exact for °uids in equilibrium

and will have deviations during a dynamic process.

3. Results and Discussion

This section consists of three parts. First, possible size e®ects are identi¯ed in an

argon–argon system by comparing multiscale hybrid modeling and purely macro-

scopic simulation results with varying droplet size. Then, the in°uences of the scale of

the whole system on size e®ects are studied. Finally, size e®ects in a system made up

of more realistic °uids, the butane–water system, are investigated.

3.1. Size e®ects in an argon–argon system

Figure 2 illustrates the droplet displacement by multiscale hybrid modeling, multi-

phase LBM without correction for Laplace pressure, and multiphase LBM with

F. Liu & M. Wang
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correction against di®erent droplet diameters. Here, \droplet displacement" means

the displacement of the center of mass of the drop. The results clearly show that the

e®ects of Laplace pressure for droplet diameter are larger than 60 Å: the displace-

ment by purely macroscopic method without correction deviates more than 20%

from multiscale hybrid modeling as both the actual density and viscosity of droplet

are larger due to Laplace pressure, while the deviation after correction is within 5%.

However, as the droplet size decreases further, the correction starts to fail as well and

the displacement by multiscale hybrid modeling becomes closer to the uncorrected

case, eventually surpassing it. For the smallest drop size in our simulation, the

multiscale displacement is almost 50% more than macroscopic result, with or without

pressure correction. This abnormity indicates that some other e®ects must be in play.

A similar trend can be found by examining the density of droplet in di®erent

simulations, as Fig. 3 shows. Note that the droplet density in multiscale hybrid

modeling is obtained by doing space and time average after relaxation, whereas the

density in multiphase LBM is the input density as it is almost a constant during

simulation. When the droplet size is rather big, the increase of density due to pres-

sure di®erence is evident. As the droplet diameter gets smaller than 60 Å, the density
begins to decrease, but still larger than uncorrected case. Eventually the density of

droplet in multiscale simulation becomes a bit smaller than the uncorrected value.

The density curve corresponds to the displacement results as droplet displacement

becomes larger as its density decreases.

One possible cause for the abnormal decrease of density for small droplet size is

the low local density in the interface region.31,32 Figure 4 illustrates the local density

of the two °uids in our simulation system near a planar interface obtained by

MD. Near the interface, the local density of both °uids has a sharp decrease to almost

zero. For a big drop, the interface region only takes up a negligible part of the whole

droplet, therefore it has no e®ect on the drop density. Once the drop diameter gets

Fig. 2. Drop displacement against varying drop sizes in argon–argon system obtained by di®erent
methods.
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small enough that the width of the interface region is no longer negligible, the ef-

fective density of the drop will become smaller than the bulk value due to the low

local density region. Lower e®ective density leads to lower viscosity, and they both

contribute to the larger droplet displacement. According to Fig. 4, the low local

density region thickness is estimated as 2 Å, for a droplet of diameter 60 Å, the
percentage of this region is approximately ð302 � 282Þ=302 ¼ 12:9%, which indeed

will have a considerable in°uence on droplet density.

Still, the macroscopic method can be extended to include this low density region

e®ect through an upscaling algorithm, namely using the actual density and viscosity

obtained from MD as input parameters, which makes it a multiscale approach.

Although substituting one average density for an inhomogeneous density distribu-

tion might be problematic, the upscaling results in Fig. 5 show that it does somehow

Fig. 4. Local density of °uids in our simulation system near a planar interface indicated by the dashed

line.

Fig. 3. Drop density against varying drop sizes in argon–argon system obtained by di®erent methods.
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compensate for those size e®ects for a certain range until droplet diameter gets

smaller than 45 Å. The upscaling approach also becomes invalid when the drop size

decreases further. This is within expectation as the macroscopic constitution relation

no longer holds for extremely small scale, and even the act of de¯ning macroscopic

variables for this tiny droplet is doubtful. This last e®ect is generally recognized as

the primary reason for abandoning pure macroscopic approaches for a multiscale

problem in previous works.

3.2. In°uences of system scale on size e®ects

Previous studies have suggested that the molecular region has few e®ect on the

continuum region far enough.21 This can be readily seen in Fig. 6, which shows that

the velocity pro¯les in the upper part of the continuum region are almost identical in

Fig. 5. Drop displacement against varying drop sizes in argon–argon system by upscaling compared with
other methods. Results show that upscaling compensates for the low density region e®ect over a certain

range.

Fig. 6. Velocity in the continuum domain for two di®erent drop sizes.
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spite of di®erent droplet sizes. Since the interaction between the molecular region

and far end of the continuum region is weak, it is possible to investigate size e®ects

with a smaller system to save computational cost. The in°uences of system scale on

size e®ects are studied by simulating the same displacing process with the length in

z-direction shrunk to one-third of the original value. The density and displacement

results are illustrated in Figs. 7 and 8. Although there is quantitative di®erence, the

trend is similar to that in a larger system: Laplace pressure e®ect dominants for larger

droplet, then the low local density region becomes signi¯cant as drop size decreases,

and ¯nally macroscopic description breaks down. Therefore, when studying size e®ect

qualitatively, we can use a smaller simulation domain for simplicity.

Fig. 7. Drop density against varying drop sizes in smaller argon–argon system obtained by di®erent

methods.

Fig. 8. Drop density against varying drop sizes in smaller argon–argon system obtained by di®erent

methods.
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3.3. In°uences of °uid type on size e®ects

We further simulate the same displacing process in a system consisting of more

realistic °uids, butane as the droplet and water as the bulk °ow, to investigate the

impact of °uid type on size e®ects. A smaller simulation domain mentioned in the

previous section is adopted for the butane–water system. The density and dis-

placement results are shown in Figs. 9 and 10. The same size e®ects can be observed

in the density curve: for bigger drop, the density from MD agrees with macroscopic

value after Laplace pressure correction, then with smaller drop there is an abnormal

decrease likely due to the low density interface region. As for the displacement curve,

although the trend is similar in the sense that the results of MD and LBM do agree

better for bigger drop and deviation becomes larger as droplet size decreases, the

Fig. 9. Drop density against varying drop sizes in butane–water system obtained by di®erent methods.

Fig. 10. Drop displacement against varying drop sizes in butane–water system obtained by di®erent

methods.
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displacement by MD is generally larger than expected. For a butane droplet of

diameter 70 Å, the MD density is between the corrected and uncorrected macro-

scopic value, but the MD displacement is the largest of those three, which indicates

that, unlike the argon–argon system, upscaling fails very early. We argue that this is

not likely because the macroscopic description has already broken down, as the 70 Å
droplet consists of 224 butane molecules which is enough to yield meaningful mac-

roscopic properties. One important di®erence between butane and argon is that

butane °uid has more profound shear-thinning e®ect,33 which might account for the

larger displacement of butane droplet.

Although it is still far from the conclusion that similar trend of size e®ects exists

for all °uid types, some simple theoretical analysis can be made. The Laplace pres-

sure e®ect is dependent on the interfacial tension and the sensitivity of droplet

density and viscosity to pressure. For the two °uid systems in our work, this e®ect

emerges the earliest, but if the interfacial tension is very small due to surfactants, the

pressure di®erence across the interface could be negligible even for tiny droplet,

therefore eliminating this size e®ect. The thickness of the low density region is weakly

related to the molecule size, therefore the scale where low density region e®ect

becomes signi¯cant should be similar for most common °uids, whose molecule sizes

do not di®er a lot. The same applies to the scale where macroscopic description

breaks down. Droplet made up of much larger °uid molecules contains much fewer

molecules for the same drop size, so macroscopic relation will fail earlier. In other

aspects, this e®ect should be invariant of °uid type.

4. Conclusion

This paper evaluates the applicability of macroscopic approach during droplet dis-

placing process in micropores. We investigate the relevant size e®ects by comparing

the simulation results of multiscale hybrid modeling and purely macroscopic method

for varying droplet sizes. First, three types of size e®ects are identi¯ed. In addition to

the breakdown of macroscopic description which is generally accepted as the primary

reason that invalidates purely macroscopic methods, two other size e®ects, the

Laplace pressure di®erence and the low local density near interface region, are also

identi¯ed and proved to a®ect the displacement results. For the system studied in our

work, the Laplace pressure e®ect emerges the earliest, then the low local density

region becomes non-negligible when drop diameter is decreased to 60 Å, about 18

times the molecule diameter, and ¯nally macroscopic description gradually breaks

down as drop diameter gets smaller than 45 Å, about 13 times the molecule diameter.

Therefore, traditional macroscopic approach may fail even before the breakdown of

continuum assumption. Second, we investigate the in°uences of system scale and

°uid type on these size e®ects. Results show that it is possible to study size e®ects

qualitatively with a smaller system as it shows the exact same trend as in the bigger

system. Similar size e®ects exist for other °uid types, but their relative signi¯cance

may be di®erent. The Laplace pressure e®ect is dependent on the interfacial tension
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and the sensitivity of °uid density and viscosity to pressure, thus can be weakened if

surfactants are added. The scale where low density region becomes signi¯cant and

where macroscopic description breaks down is thought to be almost invariant of °uid

type except for °uid consisting of very large molecules, in which case the breakdown

happens earlier. Lastly, we also show possible corrections to extend the applicability

of macroscopic approach. In our study, Laplace pressure e®ect is considered be-

forehand by estimating the actual drop size and °uid properties as input parameters,

and low density in the interface region is captured by an upscaling algorithm with the

help of MD. Theoretical correction for the low interfacial density e®ect may also be

possible if the interfacial density pro¯le can be obtained by macroscopic analysis.
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