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Abstract

Spontaneous imbibition in an angular tube with eofiims is a fundamental problem in
many scientific and engineering processes. Ingaper, a modified interacting capillary bundle
model is developed to describe the liquid imbilmitdynamics in a square tube with corner films.
The square tube is decomposed into several integestib-capillaries and the local capillary
pressure in each sub-capillary is derived baseati@specific shape of its meniscus. The
conductance of each sub-capillary is calculatedgisingle-phase lattice Boltzmann simulation.
The modified interacting capillary bundle model aadbr-gradient lattice Boltzmann method
are used to simulate the liquid imbibition dynamitshe square tube with different fluid
properties. The predictions by the modified intéregcapillary bundle model match well with
the lattice Boltzmann simulation results for diffat conditions, demonstrating the accuracy and
robustness of the interacting capillary bundle nhéoleescribe the imbibition dynamics with
corner films. In addition, the interacting capilldsundle model is helpful to investigate the
mechanisms during spontaneous imbibition and tfieeinces of fluid viscosity, surface tension,
wetting phase contact angle and gravity on imtmhitlynamics. Finally, a universal scaling law
of imbibition dynamics for the main meniscus is eleyed and the scaling law for arc meniscus

is also analyzed.

1 Introduction

Spontaneous imbibition, where a non-wetting fl@dlisplaced by a wetting fluid by
capillary forces, in porous media is a common phamn encountered in many scientific and
engineering processes (Li et al., 2019; Meng eR8ll7; Qin & van Brummelen, 2019; Schmid
& Geiger, 2012), such as oil recovery (Morrow & Mas2001; Yang et al., 2019), filtration in
soil (Kao & Hunt, 1996), wicking in textiles (Pa@derome, et al., 2017; Parada, Vontobel, et
al., 2017) or paper-like materials (Liu et al., 8Dletc. In order to analyze the underlying
mechanisms of spontaneous imbibition, porous madiaisually simplified such that they
consist of regular shaped capillaries (Cai et28l14), including cylindrical and angular tubes. In
studies of spontaneous imbibition, liquid-gas systare usually considered and the pressure in

the non-wetting phase, i.e. the gas phase, is a&btorbe constant.

Spontaneous imbibition in a circular tube is goeerby different forces such as the

capillary, viscous, inertial and gravitational fesc In the different stages of the imbibition
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process, different forces can override the uptakegss. At the onset of the imbibition process,
the viscous and gravitational forces can be negtedtie to the quite small imbibition length,

h - 0. Therefore, imbibition is governed by the capilland inertial forces, and this period is
referred to as the inertial or inviscid regime (2asl., 2012; De Gennes et al., 2013). Under this

condition, the imbibition lengthhj shows a linear relationship with timg: (

h= /Mt, )
PR

where ) is the surface tensio is the wetting phase contact ange s the liquid densityR is

the inscribed radius of the tube. The time scaldtfe inertial regime is 0 \/pR?/y (Das et al.,

2012), which is usually quite short in comparisothe time scale of the whole imbibition

process.

When the imbibition length becomes sufficientlydothe influence of inertial force can
be neglected and this period is referred to asifmus regime, which is governed by the
capillary and viscous forces provided that the gaéional force can be neglected, for example
imbibition in horizontal tubes or tubes with sui@intly small cross-section. Assuming Hagen—
Poiseuille flow in the tube, the displacement @& thain meniscus can be described by the well-

known Washburn equation (Washburn, 1921):

yCOsOR
2u

h= t (2)

For liquid imbibition in a vertical tube, the gréational force must be considered and the

following equation describes the imbibition proc@d&ashburn, 1921):

2
—h—wln(l— PIR h]:pgRt @3)

POR 2y cod &
The above equation has been further modified bgsR&i Dreyer (2008a) in an explicit
form. Between the inertial and viscous regimestiesvisco-inertial regime (Bosanquet, 1923),
in which both the inertial and viscous forces hawbe considered. The transition between

different regimes for a circular tube has beenistily Fries & Dreyer (2008b).
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In actual porous materials, the geometry of poagshe quite irregular (Yang et al.,
2015). It is thus more representative to consideepas angular tubes with corners, e.g. with
square or triangular cross-sections, than cirdulaes. Angular tubes are different from
cylindrical tubes as corner films can develop altrar edges (Wu et al., 2020). For a corner of
a tube with half-angle af, an arc meniscus can develop in this corner intfob the main
meniscus if the wetting phase contact angle islemihan ¢/2-a), as shown idrigure 1. The
imbibition dynamics of the main meniscus is simttathat in a circular tube due to the similar
formats of driving and resistance forces (Gurumuegtal., 2018), but the imbibition of the
corner film is quite different because of the chiagghapes of the arc meniscus along the
corner. In addition, the corner flow of arc menscaicoupled with the bulk flow of the main
meniscus, making the imbibition process more corapdid. Many efforts have been devoted to
this specific liquid imbibition phenomenon and #oaling law between imbibition length)(

and time () for corner film has been investigated with diffier methods.

A7

(a) (b)

Figure 1. Wetting fluid distributions in a square tube undgferent contact angle. (&=60°, (b)
6=12.6°.
Dong & Chatzis (1995) firstly analytically calcuéak the imbibition of corner film in a

square tube without gravity effect and found thatJong imbibition time, the tip of the corner

film moves ash ] t¥?. In addition, the influence of different parameten imbibition in corner
film was analyzed. Yu et al. (2018) analyzed thbibition dynamics of both the main and the

arc menisci with the least energy dissipation ppilecand found that both menisci move with

t¥2, but the uptake rates are described by differeefficients. Gravity was also not considered

in their work. Weislogel (2012) used the Laplacsaaling method to describe the imbibition
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dynamics of corner film and also obtained the scgliaw of h[J t¥2 when no gravity effect was

considered. When gravity was considered, assurhaigltie capillary pressure at the tip of the

corner film is balanced with the hydrostatic hethe, scaling law oh [ tY*was derived. The

same scaling law was obtained by Tang & Tang (1884)g similar assumptions. However, for
a moving corner film, the capillary pressure shdugdbalanced with both the hydrostatic head
and the viscous friction. Ponomarenko et al. (2QEEd a capillary bundle model to characterize
the corner film and compared the imbibition dynamiteach sub-capillary considering gravity.
The imbibition speed in each sub-capillary wasdated and the leading sub-capillary with the

radius ofr, which has the maximum imbibition speed was foumgreaching the vertex of the

corner asr, [1t™°. Based on this assumption a universal scalingolatv(l t¥* was derived for

the corner film. However, the derivation of equat{d.2) in their work shows some limiting

assumptions, making the results less accurate hwhilcbe improved in this paper.

Among these mathematical models, the capillary lunubdel is the simplest and easiest
one. However, the main limitation of this capilldsyndle model to describe the imbibition with
corner films is that the interactions between défe sub-capillaries are not considered. As a
result, the imbibition velocity in the main menisatan happen to be higher than that of the arc
meniscus (Ponomarenko et al., 2011), which is iflad with other numerical simulation results
(Gurumurthy et al., 2018). We will show in this paphat the arc meniscus always imbibes
faster than the main meniscus. To overcome thigdtran, we propose to use an interacting
capillary bundle (ICB) model to describe the imbdm dynamics with corner films. The ICB
model was firstly proposed by Dong et al. (Donglet2005; Dong & Zhou, 1998) in which
interactions between connecting capillaries aresiciened. This model was mainly used to
describe the imbibition process in porous med@oatinuum scale (Li et al., 2017; Wang et al.,
2012) rather than in a single pore. In this workyadified ICB model is developed to describe

the imbibition dynamics in a single square tube.

Numerical methods are very helpful tools to undaerdtthe underlying mechanisms of
multiphase flow in porous media and to validatelyital models (Golparvar et al., 2018; Zhao
et al., 2019). The different numerical methodsinautate multiphase fluid flow mainly include
computational fluid dynamic (CFD) which couples tavier—Stokes equations with interface-
capturing methods (Zhang et al., n.d.; Zhu, Cheal.g2019; Zhu, Kou, et al., 2019), the lattice
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Boltzmann method (LBM) (Chen et al., 2014; Huanglgt2015; Liu et al., 2016; Qin et al.,
2018, 2019, 2020; Sukop, 2006), the dissipativéghardynamics method (Groot & Warren,
1997) and the smoothed particle hydrodynamics naetifang et al., 2020), etc. Raiskinmaki et
al. (2002) used LBM to simulate the imbibition dymas in a circular tube and the simulation
results matched well with the theoretical solutibnth with and without considering
gravitational forces. Son et al. (2016) used a gspatential multiphase LB model to study the
influence of contact angle on arc menisci in pohygdubes and validated the simulation results
with the Mayer and Stoewe-Princen (MS-P) theoryru@wrthy et al. (2018) used the CFD with
the solver OpenFOAM to simulate liquid imbibitiogréhmics in a square tube with corner films
and analyzed the influences of different parameiarghe imbibition dynamics. The shapes of
the corner films were analyzed in detail. In thisrky we use LBM to validate the modified ICB
model and to analyze the underlying mechanismsdumnbibition process. More specifically, a
color-gradient lattice Boltzmann model is used,chias proven to be an accurate method to

simulate multiphase flow in porous media (Chenl.e819; Zhao et al., 2018, 2020).

The corner film is also important during dryingaoporous material, which can
significantly improve the drying rate (Lal et &019; Laurindo & Prat, 1998). Through
analyzing the drying process in a square tube loth microscale experiment and numerical
simulation, Chauvet et al. (2009) observed thrgendrperiods including the constant rate
period, falling rate period and receding front pdriThe corner film was found to play an
important role in the transition between differpetiods. Wu et al. (2020) conducted
microfluidic experiments of liquid drying from arehg liquid wetting pore network. It was
found that the main meniscus invades faster irggtire network, leaving liquid films residual
in the corners. The continuous wetting corner fibnanected to the bulk liquid fluid
significantly increased the drying rate. In additia pore network model considering corner film
flow was developed which matched well with the ekpental results. In the current work, we
mainly focus on the spontaneous imbibition in agudar tube without phase change
phenomenon. However, the modified ICB model devatoip this work could be potentially
extended in future to account for liquid drying vdorner films, which has a broad range of
applications. For example, in passive desalinatfcseawater, capillary action plays an
important role in the photothermal materials (Arumiar et al., 2020), which could supply water

to the evaporative region to sustain the incomiaat flux by incident light. The porous wicking
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materials should be well designed to ensure stvaatgr transport and mitigates salt

crystallization or migration.

This paper is arranged as follows. In section 2prapose a modified ICB model to
describe spontaneous imbibition in a square tultie @arner films, where the local capillary
pressure and conductance are derived based opdbéis shape of each sub-capillary. In
section 3, the color-gradient lattice Boltzmannmoeitis briefly introduced and validated, and
the simulation setups are also described. In sedtikoth the modified ICB model and LBM are
used to simulate the spontaneous imbibition intmsgitube with different fluid properties. The
accuracy of the modified ICB model is verified yngparisons between the ICB and LBM
simulation results. In this section, the influenoésdlifferent parameters on the imbibition
process are also investigated. In section 5, wldudiscuss the scaling law of imbibition
dynamics for both the main and arc menisci durirggiinbibition process. The conclusions are

summarized in section 6.
2 Theoretical model: interacting capillary bundle model

2.1 General model description

In this work, a modified ICB model is used to déserthe imbibition dynamics in a
square tube considering corner filfRsgur e 2 shows the schematic of an interacting capillary
bundle model for the liquid-gas system which cassi$n capillaries pq is the capillary
pressure in theth capillary, which is the driving force for spaneous imbibitionhi is the
imbibition length (height) in theth capillary at timé. As the density and dynamic viscosity of
the gas phase are much smaller than those ofgphie lphase, we neglect the hydrostatic
pressure drop and viscous dissipation in the gaseto make the model simpler, which results
in a constant pressure in gas phase. In the ICBinthdid can flow laterally between two
connecting capillaries with no flow resistance. iEfere, the pressure drop in the lateral
direction is neglected, which means the liquid pkdsave the same pressure in different
capillaries at the same positibnAccordingly, the pressure distribution along itméibition

height is shown as the solid line.
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At a given timg, for a certain range of imbibition length:<h<hi; (i>1), the driving
pressure differenc@p. is the capillary pressure difference between(itigth andi-th

capillaries:
Ap| = pci - pci—l (4)

We focus on the viscous regime in this work, thenethe inertial force is neglected. As
a result, the resistance forces consist of twaspaiscous dissipation and gravitational force. For
thei-th capillary, the relationship between volume flgkand viscous pressure drop over a

certain lengthAh can be calculated by:

Apvis,i
Ah

q4=9 (5)

where g, is the conductance of tieh capillary dependent on the shape of the capillg, can

be calculated with the following expression whistwidely used in pore network modeling
(Zhao et al., 2020):

__AG
=q 2 6
96" (6)

whereA is the cross section area of thé capillary.G is the shape factor which is defined as
A/P?, whereP is the perimeter of the cross sectignis the dynamic viscosity of the liquid

phaseci is the modification coefficient which depends ba shape of the cross section. As
shown inFigure 2, for hi.1i<h<hit, the wetting phase can imbibe into the capillaimeshich the

capillary pressure is larger tham_, . Therefore, the total liquid volume flux in thisnge can be

calculated by:

k=i Ah

iqk,t :Zn:[gk %j (7)
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Figure 2. Schematic of the interacting capillary bundle middeliquid-gas system. Liquid
imbibition from left side of the capillaries.

Taking Ah =h,—h_,, the viscous pressure drop frdm, to hi. is:

Apgi =

The pressure drop caused by gravity is:

(h,tn_ h—l,t) iqk,t

Z Ok .
k=i

Apy; = P9 (ht - h—l,t)

(8)

(9)

Finally, the driving force is balanced by the resmige force in terms of pressure difference:

(he =)

AN g+ og(h N )= P Pe 152,30

Z Oy «
k=i

For the first part from O td,, we have:
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nh“ DG, *+pgh, = py (11)
k=1

zgk

k=1

The volume flux in thé-th capillary can be approximated by the followagression ( Dong et
al., 2005):
dh»(,t j = A h<,t B h<,t—At

ot —_ (12)

O = A<( At

Combining equations (10) - (12), the following efijoias are obtained and can be solved with
Newton'’s iteration method (Dong et al., 2005).

(hYtn_h_ll)Zn:Ak hm _Al}’t_m +pg(h,t _h—l,t) =P ~ Ps-v i>1

z 9, k=i
k=i

ut LA b _Art]”_m +pgh, = Py, 1=1
g k=1
2.9

(13)

2.2 Modified interacting capillary bundle model tbe square tube

2.2.1 Decomposition of the square tube

In the modified ICB model, the square tube is dgoosed into several interacting sub-
capillaries to describe the imbibition dynamicsaofetting liquid. According to equation (13),
the imbibition process is determined by three patans: the conductangg the cross section
arealA« and the capillary pressupein each sub-capillary. To keep as much informasisn
possible, the square tube is decomposed into destdracapillaries without shape simplification.
Figure 3 (a) shows one example of the decomposition resatsquare tube. Due to the
symmetry of the square tube, the imbibition proéessl the four corners is the same.
Therefore, only one quarter of the square tubbasva. The decomposition follows the

following three steps.

First, the critical radiusR;) of a square tube is calculated by the followiggagion at a
given contact angle4< r7/4) (Dong & Chatzis, 1995):
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W/ cosd—/(7] 4-6)+ sird cod
A (6-m/4)+ cosd 6~ sir@ cod | 1)

whereW is the side length of the square tube. The cooredipg capillary pressurg, = y/R. is

the entry capillary pressure of this tube. Theliaee with radius oR: is selected as the boundary
of the first sub-capillary, shown as red linerigure 3 (a). The first sub-capillary corresponds to

the main meniscus in the square tube.

(a)

Figure 3. Decomposition of the square tube into interactiagillary bundles of different shapes.
Only one quarter of the square tube is shown.

As shown inFigure 3 (b), the length from the arc line to the vertexhad cornerl() can

be calculated as:
, =(v2cow- 4R (15)

By settingRi=R;, we obtain the maximum lengthax according to above equation.

Second, we set a minimum(Imin) for the interacting capillary bundle model. The
corresponding radiuBmin can be also calculated by equation (15). Theiaecwith radius of

Rmin, Shown with a green line figure 3 (a), is the boundary of the last sub-capillary.

Finally, we decreasefrom Imaxto Imin with a constant step @l =(1,, 1) /(N.=2),

whereNc is the total number of interacting sub-capillariehich is 5 inFigure 3 (a). The
corresponding radl are calculated based brand equation (15). The arc lines with radiRof

are shown as blue lineskilgure 3 (a), which are the boundaries for the differert-eapillaries.
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The first sub-capillary corresponds to the main ismrs of the tube and all the other sub-

capillaries correspond to the arc meniscus indbiser.

According to this decomposition process, dialyis determined for a certain square tube
with a given contact angle. The valueslfgs andN. are self-defined. In section 4.1 we analyze

the influence of both parameters on the imbibipoocess.

2.2.2 Cross-section area and local capillary presstieach sub-capillary

Based on geometric analysisFafure 3, the cross-section area of each sub-capillary can
be calculated by:

A=W2/4—R2[co§0— sirg coé -(n/ 45)] i= 1
A =(R?,—R?)[cos 8- sird cod—(r/ 46)] , &i<N, (16)
A, =R, [cosze— sing cog—(m/ 45)] i=N

Cc

When the wetting phase contact angle is smaller tha, the wetting liquid meniscus in
the corner develops faster than the main meni$ormjng a long arc meniscus in the corner
along the axis of the tube. Therefore, the cuneatiithe arc meniscus in the plane perpendicular
to the axis of the tube is much larger than thahenplane along the axis of the tube. Neglecting
the curvature in the direction parallel to the afighe tube, the local capillary pressure can be

calculated byp, = y/R for the arc meniscus shownFRigure 3 (b). For the sub-capillaries

shown inFigure 3 (a), we calculate the local capillary pressures by

pa=V/R., i=1
p; =2y/(R4+R), I<i<N, (17)
Pa. =V/Ry.» 1=N;

2.2.3 Flow conductance of each sub-capillary

For the regular capillary, the conductance candbeutated by analytical or empirical
expressions (Zhao, et al., 2020). However, the mgcsed sub-capillaries in this work are quite
irregular and the corresponding conductances cdmaoalculated analytically. Therefore, the
flow conductance of each sub-capillary is calcwdiased on single-phase lattice Boltzmann

simulation (Zhao, et al., 202@igur e 4 shows the cross section of a square tube wittlea si
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length of 400 lattices. This cross section is edéehinz direction with 3 lattices. Then a multi-
relaxation-time single-phase lattice Boltzmann nh@slased to simulate external-force-driven
single-phase flow in this tube. The fluid densgyset as 1.0 and the kinetic viscosity is set as
0.5. A small external acceleratiag5.0x1C is imposed irz direction and periodic boundary
conditions are considered. When the relative voltlove rate change in 100 consecutive

simulation steps becomes less thafi W@ assume the simulation has reached the steatgly st

400
velocity

0.11
0.1

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

350

300

250

> 200

150

100

50

0

0

X

Figure 4. Velocity distribution in a square tube simulatgasingle-phase lattice Boltzmann
method. The velocity is in lattice units.

Figure 4 shows the steady sate velocity distribution is thbe in lattice unit. To
calculate the conductance of a sub-capillary, thescsection of this sub-capillary is firstly
mapped onto the whole square tube. The regiomedtlby red lines ifigure 4 shows one
typical cross section of a sub-capillaril <i<Nc). Then the volume flux across this sub-capillary

(q) is calculated by integrating the velocity distrilon within the marked region. The

conductance of this sub-capillary can be calculaiefiZhao et al., 2020)

g - 9 Hewm ’ (18)
P, U

where 4, is the dynamic viscosity used in LBM simulatiordat is the dynamic viscosity

used in the modified ICB model. It should be memeid that, as lattice units are used in this
simulation, the obtained conductance can be redealé applied in the square tube with
different dimensions when appropriate scaling edusr length, time and mass (Zhao et al.,
2020).
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3 Numerical mode

3.1 Color-gradient lattice Boltzmann method

In this work, a multi-relaxation-time color-gradidattice Boltzmann model is used to
simulate and analyze the spontaneous imbibitionge®in a square tube. The results are also
used to validate the accuracy of the modified ICG&ied. The color-gradient LBM is a
multicomponent multiphase lattice Boltzmann modkick uses two density distribution
functions to represent the immiscible two fluidhisTmodel has been widely used to simulate
two-phase flow in porous media (Huang et al., 2@14 et al., 2014, 2015; Zhao et al., 2018).
The details of the model can be found in the refeee (Liu et al., 2012; Xu et al., 2017; Zhao et
al., 2018; Zhao et al., 2020).

To realize the no-slip velocity on solid surfadb® halfway bounce-back boundary
condition is used. To achieve a specific contagtegra recently developed wetting boundary
condition is used in this work, which is based lo& geometry of the solid surface and yields a
more accurate contact angle and much smaller smuvielocity (Akai et al., 2018; Chen et al.,
2019; Leclaire et al., 2017; Xu et al., 2017).

3.2 Model validation

3.2.1 Contact angle test

The contact angle is a decisive parameter in dé@rgithe imbibition process in an
angular tube. The corner film can be developed woiign 6 < 77/2 - a/2. Therefore, we

evaluate the accuracy of the color-gradient LBMG¢hieving a specific contact angle. As
demonstrated previously (Chen et al., 2019), toeiracy of simulated contact angle is related
to the viscosity ratio. In this work, we focus ¢ tiquid-gas system with dynamic viscosity
ratio (M) between liquid and gas set\dt73.5. At initial condition we put a non-wettinggga
bubble in the liquid on a flat surface. We let thibble evolve and once steady state is reached,
the contact angle is measured. Different liquidtaonangles, ranging from 10° to 90°, are
evaluated in this work and the relationship betwibenprescribed contact angle and simulated
contact angle is plotted FFigure 5. As can be seen from this figure, the relationshiery good

in the 60-90° range. Below this range, the simdla@ntact angle deviates slightly from the
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prescribed one, but the deviation remains acceptablour investigation. In the following
description, when we mention the contact anglerefer to the simulated one, not the prescribed

one.

100

80 -

60 -

40

20

Simulated contact angle (degree)

T T T T
0 20 40 60 80 100
Prescribed contact angle (degree)

Figure 5. Comparison between prescribed and simulated doantates.

3.2.2 Imbibition in a circular tube

The imbibition dynamics in a circular tube is siateld with LBM and the simulation
results are compared with theoretical solutiongetify the accuracy of LBM. In this validation,
the radius of the circular tube is 500 um; the dierssof the liquid and gas phases are 750 kg/m
and 1.18 kg/h respectively; the dynamic viscosities of the lijand gas phases are 6.8 rsPa
and 0.0925 mPs, respectively, and the surface tension betweziwtb fluids is 0.024 N/m. The
liquid fluid is the wetting phase and three differevetting phase contact angles are considered,
60.5°, 21.9° and 12.6°, respectively. The physicets are transferred into lattice units using
dimensionless numbers including Capillary numi@a) (vhich represents the ratio between
viscous to surface tension forces, Ohnesorge nu(@bgmvhich means the ratio between
viscous to inertial and surface tension forces,Bowd numberBo) which indicates the ratio
between gravitational to surface tension forceshdtuld be mentioned that the same densities

are used in the LBM simulation for liquid and gémges to keep the model stable, which is

o = p, =1.0. The influence of gravity is introduced with diféait gravitational forces. If

gravity is considered, the gravitational acceleratifor both fluids arey, =2.205x 10° and
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g, =3.469% 10°, respectively, which are obtained based on theehwentioned

dimensionless numbers. As demonstrated in thevollp validation, this treatment has

negligible influence on the accuracy of the imbdritdynamics in the tube. As a result, in lattice

units, the viscosities of the liquid and gas phaseg4 =0.136and 1, =0.00185 respectively
and the surface tension is 0.072.
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Figure 6. Comparison of the imbibition dynamics in a cireulabe obtained by Washburn
equation and LBM (a) without gravity; (b) with gigw

A circular tube with inscribed radius of 25 latscand length of 1400 latticesZn
direction is constructed. At initial condition, then-wetting gas phase fills most of the tube and
a small amount of wetting liquid phase is locatetha bottom of the tube. The pressure
boundary conditions are used at the bottom anthdopdaries with the same pressure value to
simulate the spontaneous imbibition process. Tlaioaships of imbibition length versus time
are plotted irFigure 6 for the cases with (a) and without gravity (b)eTtheoretical solutions
are calculated based on equations (2) and (3) shotie introduction. It should be mentioned
that the two-phase interface is initialized asatifiterface at the beginning of the simulation and
it takes some time for the interface to reach anliegum shape. To eliminate the influence of
this early period, the start time of the theordtinadel is adjusted a little compared to the LBM
curve. As can be seenfigure 6, the LBM simulation results match well with thetnetical
solutions for different wetting phase contact asgb®th with and without gravitational force,

demonstrating the accuracy of LBM to simulate thbibition dynamics in a tube. In addition,
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the strategy of using the same density but diffegeavitational forces is found to be appropriate
to consider the influence of gravity.

3.3 Simulation setup

This work focuses on the spontaneous imbibitiotheésquare tube considering corner
films. Due to the symmetry of the square tube, wlg simulate the imbibition dynamics in one
quarter of the tube to save computational resoufidess schematic of the simulation domain is
shown inFigure 7. The black box shows the whole square tube, whéelue box shows one
quarter of the square tube, as considered in owlation. The initial condition and pressure
boundary conditions on the top and bottom boundaie the same as those introduced in
section 3.2.2. Two sides, the back and left bouadaare solid walls and wetting boundary
conditions combined with halfway bounce-back boupdanditions are applied. For the two
other sides of the blue domain, the symmetry boynctanditions are adopted on the front and
right boundaries.

Figure 7. Schematic of the simulation domain of square tube.

The accuracy of LBM simulation results increaseth \grid number. After sensitivity
analysis, we sele®/=100 lattices. Five cases listedliable 1 are considered to analyze the
imbibition dynamics in the square tube with corfilens in order to investigate the influences of
different parameters on the imbibition dynamicss&€lais the base case. In Case2 the dynamic
viscosities of both fluid and gas are changed.dre&3 the surface tension is doubled and the
height of the tube is increased. In Case4, theacbringle is decreased, while in Case5 the

height is increased considering no gravity.
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Table 1. Different cases for spontaneous imbibition analysi

Wum) H(mm) pi(kgin?) pg (kg/nP) s (mPas) ug(mPas) y (N/m) g(m/s) 0(°)

Casel 700 11.2 750 1.18 6.8 0.0925 0.012 9.8 21.9
Case2 700 11.2 750 1.18 13.6 0.185 0.012 9.8 21.9
Case3 700 17.64 750 1.18 6.8 0.0925 0.024 9.8 21.9
Case4 700 11.2 750 1.18 6.8 0.0925 0.012 9.8 12.6
Caseb 700 17.64 750 1.18 6.8 0.0925 0.012 0 21.9

4 Resultsand analysis

In this work, both the modified ICB model and LBeaised to predict the imbibition
dynamics in a square tube with corner films. ThéVL&mulation results are used to verify the
accuracy of the modified ICB model. In additiore thfluences of different parameters on the

imbibition dynamics are investigated and the undiegl mechanisms are analyzed.

4.1 Sensitivity analysis of the modified interagticapillary bundle model

As stated in section 2.2.1, the length and number of interacting sub-capillarisare
self-defined parameters in the modified ICB model analyze the influences of both parameters
on the results of the modified ICB model and tesebptimal values, a sensitivity analysis of
these two parameters is performed. The fluid ptoggem Casel are used in this analysis. First,
[min is set a$min=0.1max, Wherelmaxis obtained from equation (15). Different valuédNe
ranging from 3 to 9 are used to predict the imimhidynamics and the results are shown in
Figure8. Figure 8 (a) shows the relationship between imbibed wetiongd volume versus
time andFigure 8 (b) shows the imbibition heights in different sctépillaries, where “center”
refers to the imbibition height in the first sulpdkary, which corresponds to the main meniscus
in the center, while “corner” represents the last-sapillary, which corresponds to the height of
the corner film. As shown iRigure 8 (a), the imbibed wetting liquid volume is not very
sensitive td\: and the curves for different valueshfalmost coincide with each other. The
main reason is that the total imbibed wetting phedeme mainly depends on the imbibition
length in the first sub-capillary representing than meniscus, which is insensitiveNg as
shown inFigure 8 (b). HoweverN.: has some influence on the imbibition dynamicsn t
corners. As shown iRigure 8 (b), whenNc is too small Nc=3), the imbibition height in the last

sub-capillary is underestimated. Whenis larger than 5, the imbibition dynamics obtaiméth
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different values oN. almost coincide with each other. In conclusioe, phediction results of the

modified ICB model is insensitive t& when N, 5. In the following analysis, we skt=7.
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Figure 8. Influence of number of sub-capillariss on the prediction results of the modified
interacting capillary bundle model (a) relationshgiween wetting phase volume and time; (b)
imbibition height versus time at different positsoof the square tube.
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Figure 9. Influence of lengthmin on the prediction results of the modified interagtcapillary
bundle model. (a) relationship between wetting phadume and time; (b) imbibition height
versus time at a certain position of the square.tub

Next, the influence of the lengthin of the last sub-capillary is analyzed by setting
different values ofmin, Nnamely 0.0Bnax, 0.1maxand 0.2max While N¢ is fixed to 7.Figure 9
shows the imbibition dynamics predicted by the rfiedilCB model with differentmin. Figure 9

(a) shows the imbibition volume versus time. Asraker|min results in a higher imbibition
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height of the last sub-capillary, in order to comgpthe prediction results for differeiatn, we
plot the imbibition height versus time at the sgosition of the corner with=22.5um inFigure
9 (b), wherd is the distance to the vertex of the corner indiagonal of the tube, as shown in
Figure 3 (b). It should be mentioned tHa22.5um corresponds to the center of the fifth sub-
capillary whenmin=0.1max Thereforeh shown inFigure9 (b) is the imbibition height of the
fifth sub-capillary whedmin=0.1l max. While forlImin=0.09 max (Imin=0.2Amax), the position of
=22.5um locates between the fourth and fifth (fétid sixth) sub-capillaries ahdn Figure 9
(b) is obtained by linear interpolation of the imition heights of these two adjacent sub-
capillaries. According to the prediction results; has no influence on the imbibition volume
and imbibition height at the same position of tbener (=22.5um) withNe=7 whenlyin<0.2

Imax. Therefore, in the following analysis we &@t=0.1max andNc=7. It should be mentioned
that a smallelmin also results in a higher equilibrium height of thst sub-capillary due to the
larger capillary pressure. We have also testethfheences of both parameters for other fluid

properties and contact angles and came to the samncéusion.

4.2 Comparison of the interface profiles at differemes

After selecting the values &fin andNc in the modified ICB model, both LBM and the
modified ICB models are used to predict the ligaibibition dynamics in a square tube for
Casel. For the LBM simulation, at initial conditjaghe tube is filled mostly with gas phase and a
small amount of liquid phase is located at thedwotof the tube, as shown kigure 10 att=0.

As time goes, the liquid phase invades into the.té the early stage of imbibition, the arc
meniscus in the corner is slightly higher thanrtfen meniscus in the center, as shown in
Figure 10 att=40000 and 80000. Later on, aftef60000, the arc meniscus in the corner
develops faster than the main meniscus and theaniscus becomes more and more prominent.
The origin of this mode of evolution is discussedéction 4.3. To compare the results of the
modified ICB model with the LBM simulation resulthe interface profile seen in a plane set
diagonally across the tube is plotted at diffetanes, as shown iRigure 11. The solid lines
show the interface profiles obtained by LBM simiglat which correspond to the five in-
progress configurations shownhkigure 10. The modified ICB model imbibition heights in
seven sub-capillaries are plotted for the sameifnabition times. As shown iRigure 11, the
arc meniscus becomes lengthening with time. In igénde prediction results of the modified
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ICB model match well with the LBM simulation ressjldemonstrating the possibility of using
the modified ICB model to describe the imbibitiomdmics in a square tube with corner films.
We observe that the imbibition heights of the nmagmiscus predicted by the modified ICB
model are always slightly higher than the LBM siatidn results. This may be caused by several
possible reasons as discussed next. The modifiddri@del consists of several 1D sub-
capillaries. For each sub-capillary, there is amg imbibition height. In the LBM simulation,
the main meniscus is a curved interface, as showigure 10. By averaging the curved
interface of the main meniscus to a flat surfaee,dbtained imbibition height would be slightly
higher than the imbibition height at the centethaf tube. In addition, the flow resistance of gas
phase is neglected in the modified ICB model, wimiety make the imbibition process faster.
Finally, the ICB model is based on simplificationdyich may also cause some difference with
the more accurate LBM simulation results.

< < i

t=0 t=40000 t=80000 t=160000 t=320000 t=740000

Figure 10. Wetting liquid distributions obtained by LBM afffidirent simulation steps.
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Figure 11. Comparison of interface profiles at different ilmkbbn times.
4.3 Imbibition dynamics in square tube

The imbibition dynamics for Casel obtained by LB@ation and the modified ICB
model are compared, as showrrigure 12. Figure 12 (a) shows the imbibed wetting liquid
volume versus time arfeigure 12 (b) shows the imbibition lengths of both main nsens and
arc meniscus versus time. The imbibition lengtimafn meniscus corresponds to the center of
the tube in LBM simulation and the first sub-cagijl in the modified ICB model, while the
imbibition length of arc meniscus shows the imbasitlength at=14.8um for both LBM
simulation and the modified ICB model, marked ashéa solid line shown iRigure 11.

Similar to the validation in section 3.2.2, therstame of the modified ICB model is shifted a
little from O to eliminate the influence of the lgperiod when the interface evolves from a flat
surface to an equilibrium shape. All the curvep stbthe same imbibition height of arc
meniscus. As can be seen, for both the imbibedngditiuid volume and imbibition length, the
prediction results of the modified ICB model mate#il with the LBM simulation results.

In addition, fromFigure 12 (b) we observe that the imbibition length of areniscus is
always higher than that of the main meniscus, nmggthiat the arc meniscus is always advancing
faster than the main meniscus does. We remarkadhereracting capillary bundle model of
Ponomarenko et al. (2011) did not uncover this phemon, which can be well captured by the

modified ICB model. IrFigure 12 (b), the predictions of the original interactirgpdlary bundle
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(OICB) model, as per Dong et al. (2005), which acoysists of circular sub-capillaries, are also
plotted for comparison, shown as dash-dot linescaksbe seen, the OICB model can well
describe the imbibition dynamics of the main mamsdecause the driving and resistance forces
of the main meniscus in a square tube are sinalérdse in a circular tube. However, for the
sub-capillaries in the corners, the OICB modekftal accurately capture the relationship
between driving and resistance forces, resultireypoor prediction of the imbibition dynamics

of the arc meniscus. As the modified ICB model lsctiye real geometry of the filled corners, it

describes well the imbibition dynamics of both maird arc menisci.
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Figure 12. Imbibition dynamics in a square tube. (a) relattdp between wetting fluid volume
and time; (b) imbibition length of main and arc nsenobtained by LBM and two different ICB
models, where center refers to the main menisctieigenter of the tube and corner means the
arc meniscus in the corner. ICB represents the fieddnteracting capillary bundle model
developed in this work; OICB refers to the origimdkracting bundle model which consists of
circular sub-capillaries.

Using the modified ICB model, we further analyze timbibition dynamics of main and
arc menisci in a square tulbggure 13 (a) shows the imbibition lengths versus time facte
sub-capillary. As can be seen, at early timesintbition lengths in the different sub-
capillaries are similar. As time goes on, the watehe corners moves ahead of the main
meniscus, identified as th& Bub-capillary. This is mainly due to gravity adl\we explained
below. For spontaneous imbibition in a square ttheedriving force is the capillary force and

the resistance force includes viscous and grawitatiforces when gravity is considered. For a

certain sub-capillary in the modified ICB modele thressure differencé\p, ) caused by
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capillary force is a constant, while the pressufferénce (Ap,) caused by gravitational force
increases with the imbibition heigiftigure 13 (b) shows the proportion dip, to Ap, in the

seven sub-capillaries versus time. With the imimhiprocess going om\p, /Apc increases

rapidly in the first sub-capillary, i.e. the mairemscus. The pressure difference driving the
imbibition process fp, —Ap, ) decreases accordingly, leading to a slower intibiivelocity of
the main meniscus. In contrashp, /ApC increases much less for the other sub-capillaries

forming the corner film, with the smallest influencf gravity in the last sub-capillary showing
the highest capillary pressure. These differemidsdn the main meniscus and the other sub-

capillaries mainly arise from the difference in #eting driving and resistance forces. For the

main meniscusAp, is the capillary pressure of main meniscus Apgl the pressure difference

from the bottom of the tube to the main meniscused by gravitational forcép, increases

linearly with the imbibition height of main menisciHowever, for the other sub-capillaries in
the corners, the driving force is the capillarygsuge difference between connecting sub-
capillaries and the resistance gravitational fasaeaused by the different imbibition heights in
the connecting sub-capillaries. For example, fergcond sub-capillary which connects to the

first sub-capillary (main meniscusp, represents the capillary pressure difference ®f th
second sub-capillary and main meniscus, Apgl is the pressure difference between the
imbibition heights in these two sub-capillariesexaby gravitational forceAp, increases

linearly with the imbibition height difference beten these two sub-capillaries. As shown in
Figure 13 (a), the main meniscus quickly invades into theetwhile the imbibition height

difference between connecting sub-capillaries grsiwly. As a resultAp, /Apc shows

different trends for the main meniscus and subleai@s in the corners.
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Figure 13. Imbibition dynamics in each sub-capillary of thedified interacting capillary

bundle model. (a) Imbibition length versus timesach sub-capillary. (b) Proportion of pressure
difference caused by gravit¥fg) to the capillary pressure differenagf) versus time in each
sub-capillary. (c) Imbibition velocityj versus imbibition height of first sub-capillaty.). (d)
Relative velocity difference compared with the ibiton velocity in the first sub-capillary
versus the imbibition height of first sub-capillahy all graphs, the solid lines represent the
results considering gravity and the dashed lindate the results not considering gravity.

To illustrate at what position the corner film deymment becomes more pronounced, we
further plotFigure 13 (c) and (d)Figure 13 (c) shows the imbibition velocity for differentlsu
capillaries versus the imbibition height of the maieniscushy). Figure 13 (d) shows the
relative velocity difference of each corner subitaiy compared with the first sub-capillary
versush:. For illustration, we run the model with (soliddis) and without gravity (dashed lines).
As can be seen, the development of the cornerddpends on the difference in the imbibition

velocity between the main meniscus and corner filishout gravitational force, the imbibition
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velocities in all sub-capillaries remain similaidathe corner films develop very slowly. In the
presence of gravity, when the imbibition heighsnsall :<2mm), the influence of gravity is
negligible and the imbibition velocities of the scdpillaries are similar. As a result, the
imbibition height versus time in each sub-capillahyost collapses on the same line, as shown
in Figure 13 (a). With increasing imbibition height, the infuge of gravity becomes more and
more significant, especially for the first sub-dkgpy. When the imbibition height of main
meniscus gets larger than 4mm, the relative difiegebetween the smallest sub-capillary and the
first sub-capillary (main meniscus) increases lathgan 20%, resulting in a prominent
development of corner film, as observedrigure 13 (a). Finally, when the main meniscus
gradually approaches its equilibrium height aftertémm, the velocities of the corner sub-
capillaries diverge more and more from that ofrtfe@n meniscus, yielding a much faster growth
of corner film compared with the main meniscussiimmary, the arc meniscus in the corners
develops with time, and this growth occurs moreypnent as the main meniscus gets higher, as
clearly shown irFigure 10. We note that when there is a high inlet flow s&Bice, even without
gravitational force, the difference in the imbibitivelocity between the main meniscus and

corner films would also be significant, resultimgfast development of corner films.

4.4 Sensitivity analysis of different parametergtomimbibition dynamics in a square
tube

In this section, both LBM simulation and the moelifilCB model results are used to
describe the imbibition dynamics with differentiélyproperties, in order to investigate the
influences of different parameters on the imbilpitctynamics, and to verify the accuracy and

robustness of the modified ICB model under diffé@nditions.

First, the influence of viscosity on the imbibitidgnamics is investigated. As listed in
Table 1, the viscosities of the liquid and gas phasesase2 are twice of those in Casel while
the other parameters remain the same. The imbildymamics of the main meniscus in the
center and of the arc meniscus in the corner fee€abtained by different methods are shown
as red lines ifrigure 14. In general, the prediction results of the modifiEB model agree with
the LBM simulation results. With increasing fluigseosity, the imbibition process becomes
slower, as can be observed by comparing the bfaakdg1) and the red lines (CaseZyiigure
15, which shows the relationships between wettingl fllolume and time obtained by different
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methods for different cases. As the conductan@aoh sub-capillary is inversely proportional to

the fluid viscosity and the pressure differen&p (- Ap, ) which drives the imbibition process is

the same for different fluid viscosities, under saene imbibition height the imbibition rate is
inversely proportional to the fluid viscosity acdingly. This can be observed by comparing the
black and red lines iRigure 16, which shows the imbibition velocities of mainl{ddines) and
arc menisci (dashed lines) versus the imbibitiaghteof main meniscus. Accordingly, for a
certain imbibition height, the time range for Cagefvice that for Casel. In addition, the
prediction results of the modified ICB model mate#ll with the LBM simulation results for the

imbibition volume versus time.

0.02
LBM ICB
——center --- center (Casel)
0.016
- - —corner e corner
——center --- center (Case2)
_ 0.012 - —-corner e corner
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Lo
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0 0.4 0.8 1.2 1.6
t(s)
Figure 14. Imbibition heights of main and arc menisci versoe obtained by modified ICB

and LBM for different viscosity (Case2), surfaceg®n (Case3), wetting phase contact angle
(Case4) and gravitational force (Caseb).

This article is protected by copyright. All rights reserved.



8E-9
i ——LBM_Casel
----- ICB_Casel
6E-9 - ——LBM_Case2
P i 7, i T s o o e ICB_Case2
£ ——LBM_Case3
g 4E-9 1
- T R e e e e ICB_Case3
o
> ——LBM_Case4
29 44z | eee-- ICB_Case4
——LBM_Case5
L T B B B B s ICB_Case5
OE+0 - T T T

0 0.4 0.8 1.2 1.6
t(s)
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Figure 16. Imbibition velocity versus the imbibition height the first sub-capillary for different

cases.

The blue lines irFigure 14-Figure 16 show the effect of surface tension on the
imbibition dynamicsFigure 14 shows that, in terms of imbibition heights, thedction results
of the modified ICB model match well with the LBMmulation results for CaseBigure 15

shows that, with increasing surface tension, tHabition rate gets higher. For a certain

imbibition height, the pressure difference causgdravity (Ap, ) is the same for Casel and
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Case3. As the driving capillary pressure differefsp, ) is higher in Case3 because of the larger
surface tension, the net pressure differedgg ¢ Ap, ) which drives the imbibition process is

larger in Case3, leading to a higher imbibitiorerdatherefore, for the same imbibition height, the
time range for Case3 is much smaller than thaCtsel. In addition, for the same imbibition
height, the influence of gravity is less importanCase3, resulting in smaller velocity
differences between the main and arc meniscusagmsinFigure 16. Accordingly, the

imbibition height difference between the main ardraenisci becomes also smaller for the

same imbibition height of main meniscus, as obskiw&igure 14.

In Case4, the wetting phase contact angle is deedet® 12.6° while the other parameters
remain the same as Casel. According to greensimasn inFigure 14 andFigure 15, the
prediction results of the modified ICB model matetil with the LBM simulation results, for
both imbibition height and volume. The contact angfluences both the driving capillary force
and viscous force as it changes the shape of ansous. With decreasing wetting phase contact

angle, the driving capillary pressure differenég() increases, and the cross section areas of the

sub-capillaries in the corners also increase, tieguh an increase of the conductances of sub-
capillaries in corners. Accordingly, the imbibiticste increases and the time range decreases for

a certain imbibition height, as shownRigure 16.

Finally, the influence of gravity is analyzed wiflase5. As shown in section 4.3, and
also the orange lines Figure 16, for the case without gravitational force, thatele difference
in imbibition velocity between the main and arc msenis small and constant at different
imbibition heights. Therefore, the difference inbitmtion height between the main and arc
menisci becomes much smaller when the gravitatifmmeé is not considered, as shown by the
orange lines ifrigure 14. According toFigure 15, at the early times of imbibition process, the
influence of gravity is negligible and the imbilbii volumes are similar for Casel (black lines)
and Case5 (orange lines). With progressing imloibitind increasing imbibition height, the
imbibition volume in Casel becomes much smallen that in Case5 due to the influence of
gravity.

According to above analysis, the main and arc nces®w different imbibition
dynamics and time ranges with different fluid pndigs, which is caused by the different

interactions between capillary, viscous and gréweital forces. The comparison results between
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the modified ICB model and LBM simulations showtttiee modified ICB model can well
describe the influences of different parametertherimbibition dynamics in a square tube. In
addition, the modified ICB model is very helpfulanalyze the mechanisms during the

imbibition process.

5 Discussion

We discuss the scaling law of spontaneous imbifbitica square tube. As stated in the
introduction, the imbibition dynamics of the maiemmscus in the square tube is similar to that in
a circular tube due to the similarity in drivingdaresistance forces. In the viscous regime, the
imbibition dynamics of the main meniscus considggnavity can be described by a more

general formulation of equation (3):

2
-h-—2Y In(l— PRI (9) hJ: bpaR” (19)
PORf (6) 2y 7
where f (9) reflects the influence of wetting phase contagi@on the capillary pressutejs a
coefficient related to the calculation of viscoasck. These two parameters are both dependent

on the shape of the tube. For a circular tubgd) =1/cosd, b=0.125 and equation (3) is

cosd- /(77 4-6) + sirf cod
(6-m/4)+cos 6~ sirf coé

recovered. For a square tubie{8) = 2{ ] andb=0.140575.

We further normalize the imbibition height and timih the following characteristic

length and time:

_h__ h
h, 2y/pgRf(6)’
t t
he/u,  2/(pg)’ bRt (6)'

(20)
t =

where h,, is the equilibrium imbibition height balanced pdlary force and gravitational

force. The equivalent height is inversely proparéibto the radiuR. U, :,ogsz/,u is the mean

velocity in the tube when driven only by gravityhén, equation (19) can be rewritten in the

following simplified way:
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-h' =In(1-K)=t (21)

Through expansion of the term(l— h*) on the left-hand side of above equation, we get

the following relationship:
—+—+—+..=t (22)

We normalize the imbibition dynamics of both mamaarc menisci based on equation (20) for
Casel to 4 and the results are showRigure 17 (a). The imbibition dynamics in a circular tube
used in the validation in section 3.2.2 is alsdtptbfor comparison. As can be seen, the
imbibition dynamics of main meniscus in the squatee and of the meniscus in the circular tube

all collapse to the same line in the normalizednféollowing equation (21) or (22). At early
time of imbibition, h™ is very small and the influence of gravity camleglected. Therefore,
both the main and arc menisci developlas’?. This is also reflected by equation (22). When

h' is very small, the first term dominates the ledtil side and all the higher order terms can be

neglected, and equation (22) becorhes v 2t , which is in fact the Washburn equation not
considering gravity. As time goes on, the highéeoterms in equation (22) become more and

more significant and the imbibition of main menisaeviates from the scaling law oft 2.

After t'>1, the imbibition height of main meniscus gradyathnverges to the equilibrium height

(h - 1), while the arc meniscus develops in a slowertatigher heightsi{ >1). In addition,

we observe that the height of the arc meniscualf@mases also collapse to the same line for
cases 1 to 3. These three cases have the samegasttise contact angle, which determines the
shape of arc meniscus and thus the resulting dyriamd resistance forces. A different wetting
phase contact angle yields a different shape ofm@miscus and thus different imbibition
dynamics. Accordingly, the dashed green line ofmaeniscus for Case4 deviates slightly from
the other lines.
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Figure 17. (a) Imbibition dynamics in square and circulardsilin normalized form. For the
square tubes, cases 1 to 4 are plotted. (b) Inntoibitynamics in different sub-capillaries for
Casel in normalized form.

We further analyze the scaling law of the imbibitjgrocess for arc meniscus at late time
aftert’>1. We setmin to a small valuel (in=0.03max) and the number of sub-capillaries to a high
value (Nc=15) in the decomposition process to get more kdekamformation on time behavior of
the arc meniscus. The imbibition dynamics in défarsub-capillaries are plottedkingure 17
(b) in normalized form. The bottom curve represéimsmain meniscus in the center and the top
curve indicates the smallest sub-capillary in fiphe corner. From the center to corner, the

equilibrium imbibition height gradually increasesedo the smaller pore size (see equation 20).

At early time, the tip of the corner developsas’?, following the main meniscus. This is
because the gravity can be neglected and the itidnibn each sub-capillary roughly follows the
square root of time, as analyzed above. The mamstes has the highest imbibition rate due to
the largest pore size and corresponding small@striésistance. As the imbibition of arc
meniscus is driven by the capillary pressure diffiee between main and arc menisci, the fast
invading main meniscus pushes the arc meniscusveab in a similar rate. While at late time

(t">1), the main meniscus nearly stops at equilibiight and the tip of the corner develops in

a slower rate as t™* for some time, which has also been observed ierixents
(Ponomarenko et al., 2011). The slower imbibitiate is mainly because of the smaller size of
sub-capillaries and corresponding larger flow tesise. Finally, the capillary in the tip of the
corner will also deviate from the scaling lawof™® and reach an equilibrium height, which is
determined by thknin set in the modified ICB model. With a smallg#, the scaling law of
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[1t™2 for the tip-corner capillary persists for a longeriod as the modified ICB model covers a

broader range of the arc meniscus.

6 Conclusion

In this paper, a modified interacting capillary dienmodel is developed to describe the
imbibition dynamics of a liquid-gas system in aaeptube with corner films. The square tube is
decomposed into several sub-capillaries and flaidftow laterally between two connecting sub-
capillaries without flow resistance. The local diapy pressure in each sub-capillary is
determined based on the shape of meniscus antbtheeisistance is upscaled from single-phase
lattice Boltzmann simulation results. The imbihitidynamics in a square tube with different
fluid properties is calculated with both the mogkifilCB model and a color-gradient lattice
Boltzmann method. The predictions of the modifi€® Imodel match well with the LBM
simulation results under different conditions,emts of both the imbibition volume and
imbibition heights of main and arc meniscus, dertratiag the accuracy and robustness of the
modified ICB model to describe the imbibition dyriasin a square tube. It should be
mentioned that the original ICB model can only peedwell the imbibition dynamics of main
meniscus but significantly overestimates the intohirate of arc meniscus as its lack of fidelity
to geometry prevents it from accurately descrilthegrelationship between driving and

resistance forces of arc meniscus.

In addition, the influences of different paramet@nsthe imbibition dynamics and the
underlying mechanisms are analyzed in detail viiéhitelp of the modified ICB model. The
fluid viscosity affects the imbibition process thgh changing the conductance of each sub-
capillary. The imbibition rate is inversely progortal to the fluid viscosity. A higher surface
tension results in a larger driving capillary farednich results in a faster imbibition rate. In
addition, the influence of gravity becomes lessangmt for a certain imbibition height with the
higher surface tension. With decreasing wettingspt@ntact angle, both the driving capillary
force and the conductance of corner film increessylting in a higher imbibition rate. If gravity
is not considered, the imbibition rate becomes nfaster. In addition, the relative imbibition
velocity differences between the main and arc noeai® small and remain constant at different
imbibition heights, resulting in a smaller diffecenof imbibition length between the main and

arc menisci.
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Finally, the scaling law of imbibition dynamics footh the main and arc menisci is
discussed. A universal scaling law describing thiibition dynamics of main meniscus is
developed, which applies to different shapes ogsulht early time, the arc meniscus develops

as[t"?, following the imbibition of main meniscus. At ¢éattime when the main meniscus

reaches its equilibrium height, the tip of the @srdevelops according tot™*, which agrees

with some experimental observations.

In summary, the modified interacting capillary mbdesimple and accurate to describe
the imbibition dynamics in a square tube with cofiims. In addition, it is very helpful to
understand the mechanisms of the imbibition proaagscan be easily extended to other
geometries. However, the developed model expersesme limitations. First, it only applies to
gas-liquid systems as the viscous dissipationemtin-wetting gas phase is neglected. Second,
the model assumes the pores to be straight tultesaaimot directly be used in more complex

porous media. Both these limitations will be addeeksin our future work.
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