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ABSTRACT

Imbibition dynamics in a rectangular U-groove that is connected to a sudden
enlargement and complicated by the presence of Concus-Finn (CF) filaments is
investigated using many-body dissipative particle dynamics. For open-ended sudden
enlargement, four flow types are identified and depend on the contact angle 0y, critical
angle 07 associated with CF filaments, and critical angle 6, associated with the main
flow. Firstly, for 0, > 0¢ and 0, > 0, the corner flow is absent, and the main flow
stops at the end of the small U-groove. Secondly, for 6, > 0, > 0, the corner flow
vanishes, but the main flow occurs. Thirdly, for 6; > 6, > 0, the corner flow takes
place in the large U-groove, but the main flow is still absent. Fourthly, for 0, < 6¢ and
0y < 6, both the corner and main flows appear in the large U-groove. Additionally, the
flow dynamics is greatly influenced by the length of the large U-groove (/,). For closed-
ended sudden enlargement, similar findings can be obtained. However, the outcome of
the third case is altered for sufficiently small /,, and the sudden enlargement can

eventually be filled.

Keywords: Capillary flow; Open microchannel; Rectangular U-groove; Concus-Finn

filament; Sudden enlargement.
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Chapter 1 Introduction

Capillary imbibition or capillary-driven flow describes liquid propagation into small
pores induced by the surface interactions between the imbibing liquid and the walls.'”
Because the assistance of an additional actuation mechanism is not required,” capillary
imbibition receives great attention, and it has various industrial applications, including
oil recovery in shale reservoirs®”’ and oil-water separation based on solid foams.® Recently,
capillary action has been widely applied in the biomedical and diagnostic domains.”'! In
these domains, open microfluidic capillary systems are commonly seen owing to the
advantages of improved fluid accessibility and easier fabrication by utilizing lithography
or 3D printing.'” In addition, the utilization of open channels brings about the benefits of
facile surface modification and preventing bubble formation, both of which can affect the
flow characteristics in closed systems significantly.'”

The simplest open microfluidic capillary system involves only a single air-liquid
interface, and it can have various channel geometries, including V-groove, U-groove, and
trapezoidal channels.'” Among all geometries, rectangular U-grooves are commonly
used in microfluidic devices because of easy fabrication'’ and large surface area-to-
volume ratio.'” In fact, rectangular U-grooves can provide efficient heat transfer and can
be used in micro-cooling systems for electronic devices.'” Therefore, the studies of flow
dynamics in such a geometry are frequently reported.”'*!” The capillary flow dynamics
in a rectangular U-groove is generally described by the modified Lucas-Washburn model,
which assumes a flat upper liquid-air interface'*'>"

L2 =k,t, (1)
where k,, = 2yH{(A)[ cos O, (1 +21) - 1]/3n where y and p are surface tension and
viscosity, respectively. A=H /W represents the aspect ratio of the channel depth to

width, 0, denotes the equilibrium contact angle, and C(A) is a function of the channel
1
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aspect ratio. However, due to the complicated free-surface morphology, the modified
Lucas-Washburn model shows poor agreement with experiments at small A.'® Recently,
the lubrication-theory-based model gives a better agreement with experiments at small. A,
but its prediction becomes worse with increasing 0, ( — 45°) since the axial curvature
gradient of the interface is neglected.'® The experiments were carried out in a lithography-
based rectangular microchannel with a programmed microstepping motor and high-speed
camera for various values of A.'°

In an open rectangular U-groove, there are channel corners with sharp edges, which

lead to the development of Concus-Finn (CF) filaments,*2%¢

which are formed in sharp
corners.”**** Note that liquid filaments also form in the corner of a close rectangular
channel.”’® The criterion for the formation of liquid filaments in the corner depends on
both the contact angle and wedge angle (2a),

0y <0p=7/2 -a, 2)
where 0; depicts the critical angle associated with CF filaments.>?! If a droplet is
deposited on the sharp corner, an endless growing filament will be observed if eq. (2) is
satisfied.” That is, the surface free energy associated with the concave liquid—gas interface
decreases continuously with increasing the radius of curvature of the droplet,
corresponding to continuous liquid spreading in the corner and no bounded solution of
the Young-Laplace equation.””>> The propagation of the corner flow is shown to obey t'’2
scaling in the absence of gravity.”® In contrast, if B, >0, a static filament will be
observed, and the bounded solution exists. *>*° For an open rectangular U-groove (o =

45°), CF filaments will appear in the corners if the liquid has a contact angle less than

0p = 45°. In capillary-flow experiments with 0, <0, CF filaments are observed to be

10,14 10,20

ahead of the main capillary flow, and they may influence fluid propagation.

Recently, steady-state rivulets are shown to exist in wedges when surface forces

2
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(disjoining pressure) are accounted for, even as eq. (2) is satisfied.”
The use of rectangular U-grooves has been extended to various new applications,

29-32

such as cell trapping”’? and thermal management'?>***° by altering their structures from

29,32,34

uniform channels'>*"*** to non-uniform ones, even to channels with the sudden

29,34

contraction or enlargement.?’>%3>33% The general criteria and flow dynamics

associated with capillary imbibition have been analyzed experimentally and theoretically.
2.16.36-43 For capillaries with sharp edges, however, CF filaments may appear, and thus the
flow dynamic becomes complicated. To prevent the existence of CF filaments, the
rounded shape is employed for capillary channels and for the junction between small and
large grooves (sudden enlargement).'”**** Consequently, capillary flows in open
channels with sharp vertical edges with or without the sudden enlargement still lack
detailed explorations. In this work, an open rectangular U-groove with sudden
enlargement is considered, and the junction also consists of sharp edges. The imbibition
dynamics in such channels is explored by many-body dissipative particle dynamics
(MDPD) simulations. To ensure the validation of our MDPD approach, the simulation
outcomes are compared with the experimental results'® in open rectangular U-grooves
without the sudden enlargement first. Then, the time evolutions of the meniscus position
and total imbibed mass are monitored for rectangular U-grooves with sudden enlargement.
The corner flow associated with CF filaments is especially accounted for. The influences
of surface wettability (6,) and the length of the open-ended sudden enlargement are
investigated. Four different flow types can be clearly identified. Finally, a closed-ended

sudden enlargement is studied, and the result is compared with that of an open-ended

sudden enlargement.
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Chapter 2 Simulation Methods

MDPD is modified from conventional DPD simulations so that the vapor-liquid
coexistence can be achieved.”**” In MDPD or DPD simulations, the coarse-graining
treatment is adopted, and mesoscopic effects can be studied.*>** Every particle in the
MDPD system depicts a cluster of molecules and has mass m. The motion of the particle
is governed by three forces, including conservative force (F g), dissipation force (F]ij) ), and
random force (F}j{ ). FS in MDPD includes attraction and local-density-dependent
repulsion,

Fjj = aj0c(ry)F; + by (Pi + Pj) g (1), A3)
where the interaction parameters a; <0 and by >0 denote the attractive and repulsive
strengths between particles 1 and j, respectively. rj; denotes the distance between the two
beads and fj; denotes the unit vector in the direction of the separation. The weight
functions are w(r;) = 1-rj/r. and wy(r;) = 1-r;/rq, Where . and r4 represent the
range of attraction and repulsion, respectively. Both of them decrease linearly with the
interparticle distance and vanish as r; exceeds the interaction range r, or ry.>* p,

represents the local density associated with the particle i, and it is defined as
15 i\ . _ .
p; = EZJ-# (1 - j) o 1f 1 <rg; 0, if 1> 14. “4)

D R D R R .
Fi and Fjj are the same as DPD,""***" F = §wP(f;-v;)t and Fj; = —GwRéijrij, where
i

vij 1s the relative velocity of bead i with respect to bead j. 6 denotes the friction
coefficient, 6 = (25ksT) '’ the noise amplitude, and éij a random number with zero mean.
oP and o® are rj-dependent weight functions and oP = (o®)? = (1 — 1jj /rc)? is chosen
to satisfy the fluctuation-dissipation theorem.’® To fullfill the no-slip boundary condition,
FE between liquid and solid particles is set six times as FE between liquid particles.'*

The MDPD simulation is operated in reduced units, and all quantities are non-
4
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dimensionalized by the thermal energy ksT, particle mass m, and cutoff distance (particle
size) re. For instance, the velocity can be scaled by /ksT/m and the time tby /mr2/kT.

In this work, three types of open microchannels are considered, and all of them are
connected to a reservoir subject to the periodic boundary condition in the x and y
directions, as shown in Fig. 1 where only part of the reservoir is shown. To prevent liquid
from climbing the outer walls of the rectangular channels, horizontal walls are placed
atop the reservoir. The first type is an open rectangular U-groove composed of three walls,
as illustrated in Fig. 1(a). The channel length is [, = 85, the channel width W =5 or 11,
and the channel depth H = 2.5 or 4.5. The effects of three aspect ratios A = H / W are
studied. The second type is a small rectangular U-groove (/ =42.5, W =5, and H = 2.5)
connected with a large U-groove (open-ended sudden enlargement), as demonstrated in
Fig. 1(b). The length and width of the large U-groove are denoted by /, (10, 30, and 75)
and w, (0.5, 9, and 18), respectively. The third type is the same as the second one, but
the sudden enlargement has a closed end, as depicted in Fig. 1(c). The large U-groove has
a length of /, =15 or 30 and a width w, = 18.

All the solid walls are made of three layers of fixed MDPD particles, and the number
density is 8. The total number of liquid particles (N) is 84000, and the number density is
6. The cutoff distances of r, and ry are chosen as 1.0 and 0.75, respectively. The
repulsive interaction parameter for all interaction pairs is set as b;; = 25 to satisfy the no-
go theorem.’! The attractive interaction parameter is chosen as a; = -40 for attraction
between liquid particles. However, it is varied from ay = -36 to -39.9 for attraction
between solid and liquid particles to display different surface wettability in terms of
contact angles 6, =18 ~ 55°,% The MDPD time step is set as At =0.01and 4x 10° steps
are run to ensure the equilibrium condition in the reservoir before wicking. After the

reservoir reaches its equilibrium state, the open U-groove channel is placed atop the

5
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reservoir to allow imbibition for at least 2x10° steps. During the imbibition process, the
meniscus position L(t) and total imbibed mass Q(t) are monitored. The meniscus position
L(t) is determined by the meniscus front near the center (y = 0) and the bottom of the
microchannel, where the liquid particles just vanish.

(a) Open rectangular U-groove (b) Open-ended sudden (c) Closed-ended sudden
enlarg enlargement

B Reservoir\

Figure 1. Schematics of (a) top and side views of an open rectangular U-groove, and top
views of a small rectangular U-groove connected with (b) an open-ended sudden

enlargement, and (c) a closed-ended sudden enlargement.
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Chapter 3 Results and discussion

3.1 Validation of MDPD approach

Capillary flows of non-volatile liquids in open rectangular channels with the channel
length [, have been observed experimentally for different aspect ratios (A = H/ W).'® To
validate the MDPD approach, the experimental results are compared to our simulation
outcomes for the evolution of the meniscus position L(t) and free-surface morphology.
Figure 2 shows the comparisons between experiments and simulations for L(t) based on
the dimensionless length and time, (L//,)?> and t/(l,tlt2 /yH) Here y and p denote the
surface tension and viscosity, respectively. The range of the experimental result of L(t) is
represented by the shaded area bounded by the dashed lines. Four experimental conditions
are considered: silicone oil (0, = 18°) at A = 0.23 and 0.9 depicted in Fig. 2(a) and
propylene glycol (6, = 42°) at A = 0.3 and 0.9 in Fig. 2(b). As reported in the previous
study,'® the lubrication-theory-based model fails to predict the case of propylene glycol
with A= 0.3, and the modified Lucas-Washburn model is unable to describe the two cases:
silicone oil with A = 0.23 and propylene glycol with A = 0.9. In contrast, all
aforementioned experimental results can be well captured by our MDPD simulations. It
should be noted that increasing the simulation system's size does not affect the findings,
suggesting that the simulation system's dimensions are sufficient to prevent any size effect.

In addition to the evolution of the meniscus position, the free-surface morphology is
also examined for comparison. Dependent on the critical aspect ratio (Ac), the experiments
demonstrate two types of free-surface morphology which can be divided into three
regimes. Consistent with the experimental observations, Fig. 3(a) and (b) illustrate the
two types of free-surface morphology (the colorbar represents the variation in channel
depth) acquired from MDPD simulations for 6, = 18° with A = 0.23 and 0.63. Here

Ao = (1-sin0y) /2 cos O, =0.36. As A > L, the regimes include (1) meniscus-deformation
7
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(pinned to the top of channel walls), (I1) meniscus-recession (depinning from the top of

sidewalls), and (111) corner flow. As A < A, the regime (1) is replaced by the regime (1V)

corner-transition (pinned to the top of sidewalls after splitting the meniscus).-Evidently,

the good agreement between experiments and simulations for open rectangular

microchannels verifies the validation of our MDPD approach.

(a) Silicone oil

1.0}
/7
0.8 @
’ A=09 , O >
o 0 »
§06 Ao’
s/ O/
-~
d°4 /,9/ C{GO
P Preod
élw oo'O -
/ - =
0.2f ¥ O‘O’ - A=10.23]
m] O'G”
e
0.0 L L L L
0 1 2 3 4
2
t/(ul*iyH)

(b) Propylene glycol
1.0 | 4
/
’ a
/
0.8 A=09 /.7
7
&
‘n
06} /0
P
F o o
- A -
0.4 y - e o
%" o
N = Sl
A
uoo o
0_00@ L

2 4l- 6
t/(ul2ryH)

Figure 2. Comparisons between experiments'® and simulations for the meniscus position

L(t) based on the dimensionless length and time, (L//)? and t/ (ult2 /yH). (a) silicone

oil (6,=18°, A= 0.23 and 0.9); (b) propylene glycol (0, =42°, L= 0.3 and 0.9).

Simulation data are represented by symbols and experimental results are within two dash

lines.
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()

(b)

Figure 3. Free-surface morphology acquired from MDPD simulations with 0, = 18° (A,

= 0.36) for two conditions, (a) A=0.63 (A>X;)and (b) A=0.23 (A < A,).
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3.2 Capillary flow into a sudden enlargement with an open end
3.2.1 The critical contact angle for imbibition

Consider a straight U-groove exiting to a rectangular enlargement with the width we
as depicted in Fig. 1(b). The U-groove and enlargement have the same depth H = 2.5 and
their connection contains sharp vertical edges. Whether the capillary flow is stopped at
the entrance of the enlargement or not can be determined by the surface free energy
analysis.”’ By considering the rectangular enlargement as a U-groove, the condition for
spontaneous capillary flow into the enlargement is similar to the condition for wicking in

a U-groove with CF filaments (0, < 0; =45 °),?

2we+W< 25sin Oy
H — l-cosey’

)

where 0, must be less than the critical contact angle 0, for spontaneous imbibition. If

CF filaments are absent (6, > 45°), the condition for wicking becomes’

+ 2 0
2wt W 2cos Y (6)
H ~ l-cosby

According to egs. (5) and (6), the critical contact angle is 6, =24.5° and 34.8° for w, =9,
W=5,and H=2.5, respectively. Figure 4(a) shows the imbibition dynamics in terms of
the meniscus position L(t) for liquids with two different contact angles, 6, = 32° (with
CF filaments) and 55° (without CF filaments). Consistent with the modified Lucas-
Washburn equation, the dynamics before reaching the enlargement can be well described
by L(t)* = kmt. The slope km decreases with increasing 0,. Evidently, the capillary flow is
stopped at the channel end for 6, =55°> 0, =34.8° (weaker wettability) and it cannot
enter the cavity, which is illustrated by a constant L(t). This outcome agrees with eq. (6)
and the sudden enlargement can act as a capillary valve.>*”>* 8, = 55° can be smaller
than the critical contact angle 6, = 57° based on eq. (6) as the width of the sudden

enlargement is significantly reduced to we = 0.5. Under this condition 6, > 0, > 0, the
10
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capillary flow will continue from the small U-groove into the sudden enlargement.

() (b)
2500 . .
15480 15480
t=33606320 : : . 2
2000 1W By =32° é&ﬁ By =32
? By =55° | "¢ &999 |
o~ < )
- o
1000}8 1 ¢ 3360
® G HeJl
7 rP 1
§|:? St
500 0 . °
o By = 55°
d : "
0 1 1 o 1 1
0 10000 20000 0 10000 20000

t , t

Figure 4. The time evolution of (a) the square of the meniscus position L*(t) and (b) the
square of the total imbibed mass Q?(t) for liquids for with 6, = 32° and 55° at w, =9

and [, = 30.

According to eq. (5) the capillary flow into the sudden enlargement is not allowed
for 0, =32° (0, =24.5°) as well. As shown in Fig. 4(a), when the meniscus reaches the
small channel end, its position increases slightly (t = 1920 ~ 3360) and is then halted.
Although the condition of constant L lasts for a while (t =3360 ~ 6320), the second slight
increase of L(t) is observed (t = 6320 ~ 15480) and becomes unchanged eventually.
Figure 5 shows that an adjustment of the meniscus in the large U-groove is associated
with the sudden enlargement, and it is driven by the corner flow (CF filaments). This
phenomenon occurring for 6, = 32° is not observed for 6, = 55°. The first slight
increase in Fig. 4(a) for 6, =32° is due to the corner flow along the y-direction in the
large U-groove. The arrest period is associated with a stop of the main capillary flow but

with the corner flow developing along the z-direction. After the z-direction corner flow
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reaches the end of the large U-groove, the meniscus starts to adjust itself, leading to the

second increase of L(t).

—_— o
(a) 6, =32 6320
15t slight increyase Halt 2m slight increase
(y-direction CF filaments) (z-direction CF filamens)
9210 15210

(b) 0, =55°  (=2340 4530

Figure 5. Adjustment of the meniscus as the capillary flow reaches the sudden

enlargement with w, =9 and /, =30 for (a) 8, =32° and (b) 6, =55°.

To show the continuous corner flow (CF filaments), the total imbibed mass Q(t)
associated with the capillary flow is introduced. As shown in Fig. 4(b), Q(t) for 6, =55°
ceases to change and becomes a constant as the flow arrives at the end of the small U-
groove. Evidently, the result of Q(t) is consistent with that of L(t). However, it is found
that Q(t) for 8, = 32° still grows with time continuously even when L(t) is arrested. This
consequence indicates that the corner flow is significant for 6, = 32° but not for 6, =
55°. The above results are consistent with criterion eq. (2) for the wedge angle of 2a =

90°. That is, CF filaments emerge only as 0, < 0y =45°.
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3.2.2 Endless-growing CF filaments

In contrast to 0, =32°and 55°, the capillary flow into the enlargement is-expected
for 6, = 18° < 0, (stronger wettability). As shown in Fig. 6(a), the growth of the
meniscus position can be observed after an arrest of L(t) for a while. That is, the capillary
flow seems to be temporarily halted (e.g., t = 2520 ~ 5280 for [, = 30) after the first
slight increase of the meniscus position (t = 1440 ~ 2520). Evidently, five regimes can be
clearly identified in the plot of L(t): flow in the small U-groove, first slight increase, arrest
period, second slight increase, and flow in the large U-groove. In contrast with L(t), the
arrest period is not shown in the plot of Q(t) depicted in the inset of Fig. 6(a). Similar to
the scenario of 0, = 32°, this continuous growth of the total imbibed mass reveals that
the corner flow (CF filaments) persists even as the main capillary flow is halted by the
sudden enlargement. As demonstrated in Fig. 6(b), the z-direction corner flow in the large
U-groove takes place during the arrest period, and the second slight increase is associated
with the meniscus adjustment. After the meniscus is fully developed in the large U-groove,
the meniscus position advances again, revealing that the main capillary flow resumes.

It seems that in the large U-groove, the occurrence of the main capillary flow is
dependent on the developing process of the meniscus, which is affected by the corner
flow (CF filaments). Since the range of the meniscus reaches the end of the large U-
groove (see Fig. 6(b)), the length of the large U-groove (/,) has to come into play. To
examine the influence of /,, the imbibition dynamics of different channel lengths (/, =
10, 25, and 75) are performed for 6, =18° at the same length of the small U-groove (/ =
42.5). As shown in the inset of Fig. 7(a), for the short channel length /, = 10, the arrest
period is very short (t = 2520 ~ 3720), and the meniscus of the main flow arrives at the
channel end quickly (t ~ 10000). Consequently, the regimes of the second slight increase

and the main capillary flow cannot be clearly distinguished. On the contrary, for the long
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channel length /, = 75, the second slight increase lasts very long (t = 5280 ~ 39540).
Evidently, the duration of the second slight increase is influenced significantly by the

length of the large U-groove.

(a) (b) t=1440 2520 3240 3960
3000 T T

2000
N 1%t slight increase Halt
— (y-direction CF filaments)
5280 10800 16800 24720

1000

0 10000 . 20000

0 10000 20000

t 2" glight increase Main flow
(z-direction CF filaments)

Figure 6. (a) The time evolution of the square of the meniscus position L*(t) and the
square of the total imbibed mass Q? (t) for liquid with 6, = 18°. (b) Adjustment of the

meniscus as the capillary flow reaches the sudden enlargement with w, =9 and [/, = 30.

According to Fig. 6(b), the onset of the main capillary flow from the sudden
enlargement can be related to the development of the corner flow (CF filaments) at the
large U-groove. Since it takes a longer time for the corner flow with a longer length 1,
to reach the end of the channel and to become fully developed, the beginning of the main
capillary flow has to wait longer. This result is somewhat surprising because the main
flow is not expected to occur in an infinitely long large U-groove, even as 0, < 6. To
understand the role of the corner flow further, the variation of the total imbibed mass with
time Q(t) is monitored as well for different channel lengths, as illustrated in Fig. 7(b). The

contribution to Q comes from the main capillary flow and corner flow. The cessation of
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both the main and corner flows is clearly observed by time-invariant Q for the short
channel length /, = 10. In contrast, Q continues to grow with time for both /, =25 and
75. In the former, the main flow resumes after the second slight increase (t>-10080). In
the latter, the corner flow continues while the meniscus of the main flow is arrested. It is
interesting to find that the growth rate of Q for /, = 75 is higher than that for [, = 25,
indicating that the mass flowrate of the corner flow is greater than that of the main
capillary flow. This consequence implies that in an infinitely long U-groove associated
with the sudden enlargement, the corner flow prevails over the main flow because the

former is more effective than the latter in terms of mass transport.

a b
( ) r T . T r T r T ( ) 10 T L] v T v T v T
3000 sl le =754 |
N~
o 6} ]
o 2000 x le =25
~ oy
(@ ) '
1008
1000
2} le=10 |
o . . 10000
0 ' IO 1DOIDD 2000? 0 f f ! !
0 10000 20000 30000 40000 0 10000 20000 30000 40000

t t

Figure 7. The time evolution of (a) the square of the meniscus position Lz(t) and (b) the
square of the total imbibed mass Qz(t) for liquids with 6, = 18° at w,=9 and [, =

10, 25 and 75.
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3.2.3 Four regimes based on 0, and 0;

According to the aforementioned results, the outcomes of the capillary flow into a
sudden enlargement depend on the critical contact angles 6, and 0¢; and can be
classified into four scenarios. Firstly, in the case of 0, =55° which is greater than 0, =
34.8° and 6; =45° at we =9, the main flow is stopped by the sudden enlargement, and
the corner flow is absent. Secondly, in the case of 6, =55° which is less than 6, =57°
but larger than 0; = 45° at we = 0.5, the main flow into the sudden enlargement can be
observed, but the corner flow is still absent. Thirdly, in the case of 0, = 32° which is
larger than 0, =24.5° but lower than 0; =45° at we =9, the main flow is halted by the
sudden enlargement, but the corner flow persists in the large U-groove. Fourthly, in the
case of 0, = 18° which is less than both 0, =24.5° and 6y =45° at we= 9, both the
main and corner flows appear in the large U-groove. Evidently, four conditions can be
identified: (i) 0, > 0, and 0, > O, (ii)) 6, > O, >0, (iii)) Of > 0, > O, and (iv) 0,

< 0, and 0, < O, and their flow types are summarized in Table 1.

Table 1. Four types of capillary flow into sudden enlargement based on 6. and 0

0,>0. & 0, <0, &
y c y ¢
9y>0f 0c>0y>9f ()f>0y>()c 9y<9f
Corner flow X X \/ \/
Main flow X \/ X \/
Flow types
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3.3 Capillary flow into a sudden enlargement with a closed-end

The aforementioned results of 6, = 32° indicates that for 0, >0, (eq. (5)), the
main capillary flow into a sudden enlargement is halted; but owing to 0y < 0¢(eq.(2)),
the corner flow (CF filaments) continues along the large U-groove. As a result, all the
corners of the large U-groove will be occupied eventually. This consequence reveals that
the sudden enlargement with a closed end may have a different outcome from that with
an open end. Figure 8 demonstrates the imbibition process of the sudden enlargement
with the open and closed ends for the same width w, = 18 and length /, =15. According
to eq. (5) the critical contact angle is 0, = 13.9° for w,=18, and thus the capillary flow
into the sudden enlargement is not allowed for 0, =32°, as illustrated in Fig. 8(a) for an
open end. However, for the sudden enlargement with a closed-end, the cavity can be
completely filled ultimately, as depicted in Fig. 8(b), implying that capillary wicking can
take place for 0, > 0. Nonetheless, the filling process is quite different from the typical
capillary flow. After all the corners surrounding the large U-groove are occupied by the
corner flow (t = 7680), the solid-gas area in the center of the cavity shrinks gradually (t =
7680 ~ 67230). The exposed region vanishes eventually (t = 67230), and the cavity of the

large U-groove is completely filled by the liquid.
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(a) Open end
t=4200 6240 12600 15960

(b) Closed end
t=4400 7680 19680 . 36720

56880 67230 93150

Figure 8. The filling behavior as the capillary flow reaches the sudden enlargement with

w,=18 and /, =15 for (a) open end and (b) closed end.

Evidently, the imbibition criterion (0, > 0.) needs to be modified as the closed end
of the sudden enlargement is considered. When 0, > 0y, the corner flow cannot occur,
and the final outcome of the case 0, > 6 is always no imbibition regardless of the open
or closed end. However, as 0f > 0, > 0., the occurrence of the corner flow (CF
filaments) complicates the final result. After all the corners of the large U-groove are fully
occupied by the corner flow, the meniscus tends to adjust itself so that the surface free
energy of the system can be minimized. To demonstrate the development of the meniscus
in the large U-groove, the time evolutions of L(t) at y = 0 (main capillary flow) and Q(t)
are monitored for the case shown in Fig. 8. Figure 9 depicts the plots of L? and Q* against
the time for the condition satisfying 6y > 6, > 6.. While the total imbibed mass grows
with time continuously, the meniscus position (lower meniscus in the large U-groove) at
y = 0 displays a sudden jump to reach the closed end of the large U-groove, which is

associated with the very rapid decrease of the solid-gas area, as illustrated in Fig. 8 from
18
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t = 56880 to 67230. This consequence indicates that complete imbibition of the large U-
groove is not done by the typical capillary flow but accomplished by the corner flow and

gradually wetting the bottom of the sudden enlargement.

LI LI | |
Lt

10 . 3000}

closed end

2000
open end

L2

1000 f

(=)
T

t

Q2 x107

open end

20000 40000 60000 80000

Figure 9. The time evolution of the square of the meniscus position L*(t) and the square

of the total imbibed mass Q2 (t) for liquid with 6, = 32° at w,=18 and [,=15.

The different outcomes between the sudden enlargement with an open end and that
with a closed-end can be realized from the surface free energy analysis. As 0 > 0,, CF
filaments always fill the corners regardless of the condition of the open or closed end.
According to our simulations, the meniscus extends from the top of the sidewall toward
the center of the large channel. For simplicity, the surface morphology of the meniscus is
assumed as a planar plane characterized by an apparent contact angle 0,>"° as depicted in
the supporting information of Fig. S1. The free energy of the fully filled state F; and the

partly filled state F:,(G) for a closed end can be formulated in their dimensionless forms,
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Fr(0) = v, ; {-cos 0, [(2H + 2w, + W), + 2H(2w, + W)] + 2w, + W)L}, 7

and

= - + —— + + + + 1
F,(0) TLa {-cos 0y [(2H +2 tan Me +2H2w, + W) +2 Cwalap tan )

tan Gy

H H
+[(2m)le+2 (2W6+W-2m)]}. (8)

sin 0,
Equations (7) and (8) are formulated based on the total surface free energy, F= (ySL -
Yoo )AsL + ¥ AL, Whose dimensionless form is F" = y] [-cos0, Ag +A[g]. The
procedure for non-dimensionalization is identical to that of MDPD. Equaiton (7)
represents the fully filled state, while equation (8) describes the partly filled state. The
approximate surface areas (A;L and AzG) can be estimated for those two states.”® The
first term in egs. (7) and (8) denotes the energy gain for wetting the solid wall, while the
second term is the energy gain due to the new exposure to the gas phase. AF =F; -
F;(G =0,) can be used to determine whether the state of the completely filled cavity for
0, > 0. is favored or not. To obtain AF*< 0, the length of the large U-groove /, must
be less than a critical value (1) so that the fully filled state is favored. As demonstrated
in the supporting information of Fig. S2, for 6, =32°, l: =24 can be determined from
the condition of AF =0. Consequently, Ze<l: =24 must be satisfied to acquire a
completely filled cavity. In fact, the partly filled state with CF filaments (no imbibition)
is observed for /,=30. As [/, < Z:, the gradually extending meniscus corresponding to
imbibition into a closed-ended sudden enlargement is accompanied by the continuously
decaying surface free energy, F;(e), relative to F;(e =0,) with decreasing 0, as
illustrated in the supporting information of Fig. S3, indicating the totally filled state is the

preferred condition. On the contrary, the surface free energy grows with decreasing 6 in

an open-ended enlargement, revealing that the uncovered state (see Fig. 8(a)) is favored.
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Chapter 4 Conclusion

The imbibition dynamics of liquid in open rectangular microchannels with sudden
enlargement is explored by MDPD simulations. Without the sudden enlargement, the
simulation results are in good agreement with experimental results for different contact
angles and channel aspect ratios. This consequence verifies the validity of the MDPD
approach for studying capillary flow in U-grooves. In the presence of sudden enlargement,
the behavior of the imbibition dynamics is investigated by monitoring the meniscus
position L(t) and total imbibed mass Q(t), in addition to snapshots of free-surface
morphology. It is found that the imbibition behavior is controlled by the critical contact
angles 0, and 0; associated with the stop of the main capillary flow and the occurrence
of CF filaments, respectively. Besides, the final outcome of the spontaneous capillary flow
depends also on the open or closed end of the sudden enlargement.

In an open-ended sudden enlargement, four cases can be identified. Firstly, for 0,
> 0 and O, > O, the corner flow is absent, and the main flow is halted at the end of the
small U-groove channel. Secondly, for 6. > 6, > 0, the corner flow vanishes, but the
main flow comes about. Thirdly, for 0 > 6, > 0, the corner flow takes place in the
large U-groove, but the main flow is still not present. Fourthly, for 6, < 6; and 6, <
0., both the corner flow and main flow appear in the large U-groove. Nonetheless, the
main flow starts only as the corner flow reaches the end of the large U-groove, and
therefore the flow behavior depends significantly on the length of the large U-groove (/,).
In a closed-ended sudden enlargement, the flow behavior is similar to that of the open-
ended condition for sufficiently large /,. However, if /, is less than the critical length l: ,
the outcome of the third case will be altered. Although the main flow comes to a halt, the
cavity associated with the sudden enlargement can be completely filled by the corner flow

to reduce surface free energy.
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Chapter 5 Supporting information
Figure S1 shows schematics of the simple model of the meniscus in-a rectangular U-
groove with a closed end for surface free energy calculation. Figure S2: shows the

variation of the surface free energy AF with the length of the enlargement /,. Figure S3

demonstrates the variation of the surface free energy F,with the apparent contact angle 6.

(a) Partially filled state

H
t sin 0 /’
H 1 ’
VL9 ( £ )8
< _ﬁ ->
tan 0
(b) Fully filled state

Figure S1. Schematics of the simple model of the meniscus in a rectangular U-groove
with a closed end for surface free energy calculation. (a) Gradually changing meniscus

characterized by 0 and (b) fully filled cavity.
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Figure S3. The variation of the surface free energy F; with the apparent contact

angle 0 defined in Figure S1.
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