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ABSTRACT

We consider how a liquid front propagating through an initially dry channel network selects its path when encountering branch junctions.
We employ both experimental observation and theoretical analysis to investigate the path selection dynamics depending on liquid properties,
pressure-driven flow rate, and channel geometry. We identify three distinct front propagation types at the junction, namely, straight, diverg-
ing, and diverting flows, and construct their regime map with theoretical regime boundaries. These flow types at the junction determine the
subsequent channel-filling patterns, which we also identify and categorize. Our results allow us to design small-scale channel networks to pre-
cisely deliver or distribute functional liquids, which can be applied to lab-on-a-chip systems, liquid sculpture, and porous flow control.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0185861

I. INTRODUCTION

When a liquid is injected into a channel network initially filled
with another fluid, it displaces the pre-occupying fluid and propagates
through the channel. The filling of fluid networks forms a fundamental
basis of various industrial processes, including microfluidics," desalina-
tion,”” injection molding," and oil and gas production.”” These appli-
cations frequently involve complicated channel networks consisting of
multiple branches, whether they are formed artificially or naturally
(e.g., porous media like rocks and soil beds). While the propagation
dynamics of liquid in a simple uniform channel is classical,” " it is
challenging to predict or control the propagation patterns in branching
channels.

As the liquid flows through a branching channel, the specific
path taken by its propagation front at the junction determines the sub-
sequent flow pattern because the liquid tends to follow the preexisting
path that provides the minimum resistance. If we understand how
such path selection occurs at the junction, we can either tune the net-
work geometry or vary the liquid condition in order to deliver the lig-
uid to desired locations. Furthermore, steering the liquid fronts that
lead streams allows us to architect the liquid, which can be used to
emulate biological fluid network or for free-form fabrication.'* '

In milli- or microfluidic systems using wettable solids and slow
viscous liquid flows,”” ** the liquid infiltration can be driven by

capillarity while resisted by viscosity. Then, the path selection of the
inertialess flow is determined by minimization of the surface free
energy, which allows for relatively simple prediction based on the
channel geometry.”® Without resorting to capillarity, liquids can be
actively forced into channels for faster filling or overcoming excessive
viscous resistance, as can be seen in microfluidic array for sample load-
ing,””* pressurized underfill encapsulation of flip chips,””' and
injection molding."” Gravity can also drive liquid flows through natu-
ral rocks with a network of cracks, which is of geological implications,
such as groundwater recharge’” and oil and gas migration.””

Our interest in this work lies in the path selection mechanism
and the consequent liquid-filling patterns as a liquid is pumped into
orthogonally branching networks. We combine experiment and theory
to understand how the liquid properties, injection flow rate, and the
channel geometry affect the liquid front’s path selection at branch
junctions. We build a regime map for the propagation front behavior,
with a theoretical account of the regime boundaries. We also show that
the different path selections allow us to obtain diverse liquid-filling
patterns.

Il. EXPERIMENTAL

Our model system, as shown in Fig. 1, consists of a main straight
channel with the width wy, and depth / intersecting perpendicularly
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FIG. 1. (a) A bird-eye view schematic of a multi-branching channel formed on a
PDMS plate that is topped with another thin transparent PDMS plate. (b) A top view
schematic of the channel.

Channeled PDMS plate

with branching channels of the width wy. Adjacent branching channels
maintain a consistent spacing of é. In our experiments, wy, is either 1
or 3mm and w, ranges from 0.3 to 3 mm, while & and ¢ are, respec-
tively, maintained constant at 3 mm and 500 yum, respectively.

We fabricated the channels by pouring PDMS (polydimethylsi-
loxane) onto a mold with three-dimensional printed channel patterns.
The resulting channeled PDMS plate was then bonded to another
PDMS plate, 4mm in thickness, via oxygen plasma treatment. The
inner walls of these channels were also treated with oxygen plasma to
achieve hydrophilicity just before supplying a liquid into the chip
through a hole in the top plate. The liquid flow was driven by a syringe
pump at a pre-set constant flow rate ranging from 80 to 2800 mm’s~!
into the horizontally situated branching channels. The liquids were
aqueous ethanol solutions with the volume concentration of ethanol
ranging from 0% to 25%. A water-soluble dye (Food Blue No. 1-A,
Lites) was added to each solution at the concentration of 0.0005 wt. %.

We observed the liquid front’s behavior, particularly its propaga-
tion and path selection at the junctions of branching channels, using a
high-speed camera (SA1.1, Photron) operating at frame rates ranging
from 250 to 1000s~ . The liquid velocity at these junctions was mea-
sured by tracking the displacement of the liquid front, as detailed in
Sec. [IT A.

In addition, we measured the density p, viscosity u, and surface
tension coefficient ¢ of the dyed liquids with different ethanol concen-
trations; these were carried out using a viscometer (SV-10, A&D) and
a surface-tension-meter (K-100, KRUSS). We also measured the static
as-placed contact angle of 2 ul volume droplets of each liquid on the
oxygen plasma-treated PDMS surfaces. The critical advancing contact
angle was measured by supplying liquid in a static drop through a
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syringe until the contact line begins to advance.”" The results are listed
in Table I.

lll. RESULTS AND DISCUSSION

A. Liquid front behaviors at the junction

We begin by observing the path selection behaviors of liquid front
at a cross junction. As shown in Figs. 2(a)-2(c), three distinct flow types
are identified, namely, (a) straight, (b) diverging, and (c) diverting flow.
The straight flow corresponds to a liquid front continuing in its original
propagation direction along the main channel, neglecting branches. The
diverging flow is characterized by the liquid front diverging at the junc-
tion and propagating through both the main and branch channels. In the
diverted flow, the front abruptly stops advancing in the main channel but
rather propagates solely into the branches. We observed the flow type
transition from straight to diverging flow and finally to diverted flow as
the liquid’s injection flow rate Q is reduced (d), or as the branch channel
width wy, is increased (e), with the other conditions kept the same.

To understand the physical mechanisms behind those path selec-
tion modes of the liquid front, we first analyze the forces dominating
the interfacial flow. The Reynolds number, a ratio of flow inertia to vis-
cosity, Re = pUDy, / jt has the order of 10 — 10%, with an average injec-
tion flow velocity of U = Q/(hwy,) ~ 1072 — 107" m s~ ' based on
the hydraulic diameter of the main channel Dy, = 2wyh/(wn + h)
~ 1073 m. The Weber number, a ratio of inertia to surface tension
force, We = pU?Dy, /0 has the order of 107 — 1. The Ohnesoge
number, a ratio of viscous force to the product of inertia and surface
tension force, Oh = p/\/poDy, has the order of 1073, This low
Ohnesorge number indicates that in our system, inertia and surface
tension dominate over viscosi'fy.35 With the Bond number, a ratio of
the gravitational forces to surface tension forces, Bo= pgD? /o being
nearly 1, we observed the side view of the meniscus in the yz-plane as
shown in Fig. 3(c) to investigate the gravitational effects. We see that
the meniscus deflection is insignificant, allowing us to neglect the cur-
vature in the yz-plane. Hence, we find the flow to be primarily gov-
erned by inertia rather than viscosity, while interfacial forces
significantly affect the behavior of the liquid front.

Figures 3(a)-3(d) depict a meniscus profile formed at the junc-
tion of the main and branch channels. While the orientation angle of
the meniscus at the contact line ¢ is less than the critical orientation
angle ¢., the contact line is pinned with the meniscus bulging as liquid
keeps being supplied at the constant flow rate.”*”” Upon ¢ reaching
¢, the liquid front begins to wet the branching channel wall [marked
yellow in Fig. 3(a)], which we refer to as burst. We measured the criti-
cal orientation angle of the meniscus, ¢.,, for the vertical plane and
¢.y for the horizontal plane, by observing the maximum angle

TABLE 1. Physical properties of dyed aqueous ethanol solutions at 23 °C (average value of five measurements = standard deviation).
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Liquid A B C D E
Ethanol volume concentration (%) 0 5 10 15 25
Density (kg/m3) 984 £ 73 978 =53 966 * 38 945 £ 45 920 = 30
Viscosity (mPas) 1.01 £0.05 1.11 = 0.02 1.28 £ 0.07 1.45+0.10 1.96 = 0.10
Surface tension (mN/m) 71.3*0.4 56.6 0.2 50.6 £0.2 449 *0.2 36.8 0.5
Static contact angle (deg) 7*2 8=*1 8*1 8*1 8*+2
Critical advancing contact angle (deg) 24=*5 16*+4 14*2 12+3 9*1
Phys. Fluids 36, 022107 (2024); doi: 10.1063/5.0185861 36, 022107-2
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FIG. 2. (a)-(c) lllustration of the three types of liquid front propagation at a branch junction. (a) Straight flow; (b) diverging flow; and (c) diverting flow. The transition of front prop-

agation types from straight to dlver%lng to diverting flow, (d) as the injection flow rate of the liquid decreases (wy =3, w, =2mm), and (e) as the branch channel width
increases (Wm =3mm, Q=300mm” s~ ). Liquid A is used in (d) and (e). Scale bars, 3 mm.

278 ms

between the main channel wall at the junction entrance and the tan- The shape of meniscus is inherently three-dimensional, giving

gential line of liquid-gas interface, as illustrated in Fig. 3(b). These the total curvature k = Kk, + k. Here, kK, = 20 cos ¢, /W represents

measurements were conducted using various liquids at a constant flow the vertical curvature in the yz-plane, and kp, = 20 cos ¢ },/h denotes

rate. The results are detailed in Table II. the horizontal curvature in the xy-plane, as depicted in Fig. 3(b).
(a) (b)

Branch : CQ
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Before meniscus contact with Q ~ Right after meniscus contact with Q
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FIG. 3. (a) 2D schematic, (b) 3D schematic, and experimental images of a meniscus profile at a branch junction, showing (c) side view and (d) top view. The liquid front grows
faster toward the branch channel (e) when the surface tension is higher and (f) when the average velocity is lower. In (c) and (d), liquid A was used in a channel with dimen-
sions [Wm, W] = [3,2] mm. For (e), liquids A and D were tested in a channel of [wi, wy] = [1, 1.5] mm, while (f) used liquid A in the same channel dimensions. Scale bars
1'mm. (g) The experimental data for the ratio of the velocity toward the branch to the velocity toward the main channel (before meeting the next corner), uy /uy, vs We™" in a
channel with [, w,] = [1, 1.5] mm. (h) The experimental data for the velocity ratio Uy, /U, vs the combined parameter, We™"(Dy, /D).
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TABLE II. Critical orientation angle of the meniscus, ¢, and ¢, for the horizontal (xy) and vertical (yz) planes, respectively. These angles were measured by injecting liquids
into a channel with dimensions [wm, wy] = [3, 2] mm at a constant flow rate of 840 mm>/s (average value of five measurements =+ standard deviation).

Liquid A B C D E
Ethanol volume concentration (%) 0 5 10 15 25
Horizontal critical orientation angle, ¢, (deg) 196 2 191 +3 187+ 4 184+ 4 181 +4
Vertical critical orientation angle, ¢, (deg) 99=+7 87 %5 845 81%2 78+ 4

Table II shows that the value of cos ¢, is significantly larger than
os ¢, , indicating the importance of the horizontal meniscus curva-
ture, Ky, in analyzing the liquid front behavior at junctions.
Additionally, we experimentally found that this horizontal meniscus
shape was kept elliptic even after burst, as shown in Fig. 3(d).
Assuming the shape of the meniscus from top view as a semi-ellipse
centered at the middle of the junction inlet, the curvature x from top
view is scaled as k ~ A/w?, where 1 is the y-directional distance from
the center to the meniscus vertex. Because the interfacial tension is
resisting the inertial force, we balance the capillary pressure p. ~ gk
with the dynamic pressure pg ~ pU?, which gives 1/wy, ~ We. The
continuity equation for the liquid flow then allows us to write
U /A ~ Uy /Wi, where uy, and up, are the flow velocities toward the
main channel and the branches, respectively. Thus, we can get a scaling
relation for the ratio of the x-directional liquid velocity (to the branch-
ing channel), uy, to the main flow velocity, i, as

s oL 1)

un, We

Figure 3(e) reveals that the liquid front tends to grow faster
toward the branching channel (horizontally) than toward the main
channel (vertically) for higher surface tension (o of liquid A is higher
than of liquid D). The faster growth toward the branch channel is also
observed for lower injection flow velocity [Fig. 3(f)]. These observa-
tions are consistent with relation (1). We measured u,, and u, by
tracking the displacement of the liquid front from the y axis for u;, and
the x axis for uy, just before the front reached the next corners (Q) col-
ored violet in Fig. 3(a). We plot their ratio, uy,/uy,, as a function of
We ! in Fig. 3(g), which shows good agreement between our theory
and experiment.

Once the bulging meniscus meets the new corner, the ratio of the
velocities to the branch and main channels was found to be modified
as a function of the widths of main and branch channels. It is because
the hydrophilic channel walls tend to draw the meniscus to their sides,
with the capillary force from the branch and main channels being
scaled as oDy and gDy, respectively. Here, D, = 2w,h/(wy, + h) is
the hydraulic diameter of the branch channel. Thus, we speculate that
the ratio of the capillary forces Dy/Dy, affects the velocity ratio
Up/Un. Here, Uy and Uy, respectively, correspond to the average
velocity of meniscus front toward the branch and main channels, mea-
sured from when the meniscus reaches the center of the junction (P)
until it attempts further penetration into the channel after touching
the next channel walls (Q) in Fig. 3(a). Based on relation (1) and the
consideration of capillary force ratio, we experimentally tested the
velocity ratio written as

Figure 3(h) shows that the velocity ratio, indeed, follows relation (2)
validating our assumption.

B. Regime map of liquid front behaviors

As liquid fronts traverse the junction, they continually meet the
inlet of new main and branch channels. Here, the contact line can be
either pinned or advanced, determined by the competition of capillary
pressure and dynamic pressure in each direction, as illustrated in
Fig. 4(a). The capillary pressure peaks at the critical orientation angle
of the meniscus, given by p. ~ @ cos ¢./D. For the liquid front to pen-
etrate any channel, the dynamic pressure must exceed the capillary
pressure. If the dynamic pressure is insufficient, the progression of the
liquid front into the corresponding channel is restrained. Thus, the
dynamic-to-capillary pressure ratio governs the directionality of the
liquid front after meeting the junction.

We consider the dynamic-to-capillary pressure ratio at the inlet
of the branch channel, pay/pep ~ pUEDy /(0 cos ¢.). At the branch
channel’s inlet, the critical orientation angle of the meniscus with the
four channel walls ¢, becomes equal to the vertical critical orientation
angle of the meniscus ¢.,. If pap/pey < 1, the liquid front is pre-
vented from advancing to the branch channel, resulting in a straight
flow, as shown in Fig. 4(b). Given Uy, ~ U and the scaling relation
(2), the velocity of the liquid front at the junction propagating to the
branch channel U, ~ ¢Dy,/(pUD?,). Substituting Uy, into pap < peb
yields the condition for the straight flow:

D
= < kSWel/3 cosl/3¢>CV7 3)
Dy, ’

where k is a prefactor to be determined empirically.

Similarly, for the dynamic-to-capillary pressure ratio at the main
channel inlet, the liquid front cannot advance further to the main
channel if pg m/pem ~ PUADm/ (0 cos ¢p.) < 1. At the main channel
inlet, primarily due to the almost negligible channel length and the
consequent proximity to the subsequent junction, the critical orienta-
tion angle of the meniscus, ¢, corresponds to the horizontal critical
orientation angle ¢_;. Consequently, the incoming liquid primarily
flows into the branch channels, and we write the velocity U, ~
UDy, /Dy, via continuity. This corresponds to the diverting flow, as
shown in Fig. 4(c). The velocity of the liquid front propagating to the
main channel from the junction, Uy, is scaled as pU>D?, /(6D}) using
the continuity and relation (2). Then, the pressure ratio condition
allows us to predict the diverting flow when

Dy We/4

> ki——— “)
U 1 Dy @) Dy~ " cos'ihey,
Un WeDp with kq being a prefactor to be determined empirically.
Phys. Fluids 36, 022107 (2024); doi: 10.1063/5.0185861 36, 022107-4
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FIG. 4. (a) Schematics of the liquid front after meeting the next junction wall, with its directionality governed by the relative magnitude of capillary and dynamic pressure. (b)
Straight flow where the liquid front continuously propagates straight through the main channel. (c) Diverting flow where the liquid front cannot advance toward the main channel
but propagates exclusively through the branch channels. Scale bars, 1 mm. Experiments in (b) and (c) were conducted using liquid A. For (b), a flow rate of @ = 1000 mm® s~
and channel dimensions of [wi, w,] = [3,2] mm were used. For (c), the flow rate was Q=180 mm® s~ with channel dimensions of Wi, w,] = [3, 3] mm. (d) Regime map
of the flow in branching channels, constructed by the Weber number, We, and the hydraulic diameter ratio between the branch and main channels Dy /Dr. The solid line from
relation (4) marks the boundary between the diverting and diverging flow, and the dotted line from relation (3) corresponds to the boundary between the diverging and straight
flow. The colors of symbols correspond to the different flow regimes: straight flow (black), diverging flow (red), and diverting flow (blue).

Our theoretical analysis suggests two primary factors that guide
the direction of liquid front propagation in branching channels of
given surface condition (fixed ¢): the Weber number and the channel
geometry. The channel geometry that satisfies neither of inequalities
(3) or (4) allows the liquid front to propagate into both the main and
branching channels, giving rise to the diverging flow. We experimen-
tally observed the propagation direction of liquid fronts under a variety
of conditions, including different liquid properties, injection flow rates,
and the hydraulic diameter ratio of the branch to the main channel.
The experimental results are captured in a regime map, created in a
two-dimensional space defined by the Weber number and the hydrau-
lic diameter ratio, as shown in Fig. 4(d). The map demarcates the
regimes for straight (black symbols), diverging (red symbols), and
diverting (blue symbols) flows. The theoretically predicted boundaries,
marking transitions from straight to diverging and from diverging to
diverting flows, were obtained from inequalities (3) and (4) with the
prefactors being ks = 1.4 and kq = 2. These boundaries neatly divide
the flow regimes, verifying our theoretical model.

Our regime map shows that the diverting flow occurs only in a
low We region, while the liquid front tends to flow straight to the main
channel neglecting branches when We is high and Dy, /D, is small.
The diverging flow tends to arise when the branching channels are
wide compared to the main channel, with its range located between
the straight and diverting regime.

C. Flow patterns in multi-branching channels

The consequence of different path selection behaviors at branch
junctions is a variety of liquid-filling patterns in multi-branching chan-
nels. These patterns primarily depend on the propagation direction
chosen at the first junction of the multi-branching channel. When the
straight flow occurs at this junction, the liquid injected at a constant
flow rate maintains its initial velocity at all subsequent junctions

without losing any volume to the branch channels. Thus, we see only a
main channel filled with liquid leaving the branch channels unfilled, as
shown in Fig. 5(a).

This straight filling pattern bears practical significance when the
liquid flowing parallel to permeable walls should be deterred from pen-
etrating the walls. Membrane distillation™ provides a good example,
where heated sea water provides water vapor to the other side of the
separating porous membrane. The prevention of leaking the sea water
while allowing passage of vapor through the porous membrane is an
important process requirement.

When the liquid front exhibits a diverting flow at the first junc-
tion, the liquid exclusively flows into the branches, leaving the main
channel empty due to insufficient pressure buildup. As the branch
channels are finite in length, the liquid in those channels eventually
meets an open atmosphere at the end of the channel, where the liquid
should choose whether to burst the capillary-force barrier at the
branch channel end or to invade the main channel. Our channel
design is such that the liquid prefers invading the hydrophilic main
channel rather than wetting the outside wall at the branch channel
end. The diverting occurs whenever the main channel meets a branch
junction because of the constant flow rate injection. Thus, the liquid-
filling pattern in this regime is as shown in Fig. 5(c).

Such a filling pattern is beneficial when the liquid needs to reach
different destinations at designated times, with specific time intervals.
This filling pattern could be utilized in a multi-step chemical reaction
process,”” where reactants need to be sequentially introduced to each
branch at different times. Since the liquid flows only through the chan-
nels connected to a single junction until it reaches the end of those
channels, we can control the timing of liquid delivery at different loca-
tions by manipulating the junction number and channel length.

Under the diverging flow condition, the liquid front propagates
through the main channel while simultaneously filling the branches, as
shown in Fig. 5(b). The pattern arising in the course of liquid filling is

Phys. Fluids 36, 022107 (2024); doi: 10.1063/5.0185861
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FIG. 5. (a) Straight flow in multi-branching channels, leaving the branches unfilled. (b) Diverging flow, where the liquid front propagates through the main channel while
simultaneously filling the branches. (c) Stepwise filling pattern in multi-branching channels owing to the diverting flow behavior. (d) Temporal evolution of the liquid front dur-
ing diverting flow; the liquid front propagates only through the branch channels until reaching the branches’ terminal open ends (t=0.48 s) and then advances to the next
junction. The experiments in (a)—(d) were performed with liquid A. Those in the top row of (a)—(c), a channel with dimensions [wm, wp] = [1,0.5] mm was used, while those
on the bottom row, it was used Q =300 mm?® s~ in a channel with [wr,, wy] = [3,0.5] mm. Experiment (d) employed Q=180 mm® s~ in a [wr,, wy] = [1, 1.5] mm chan-

nel. Scale bars, 3 mm.

reminiscent of a Christmas tree, where the filled length of horizontal
branches gets shorter downstream. If the constant flow rate injection is
maintained, all the branches will be completely filled eventually.

This filling pattern is useful when we need partitioning and distri-
bution of liquid across all connected locations. This is notably relevant
in such microfluidic devices as digital nucleic acid assay chips, where a
number of microwells should be automatically loaded with liquid from
a liquid source.”*”” Microwells connected at the ends of the branching
channels can be loaded with the liquid supplied under the diverging
flow condition.

IV. CONCLUSION

We have investigated the path selection dynamics of a liquid front
propagating in branching channels. As the flows of our interest are
dominated by inertia and surface tension, the front behavior has been
shown to depend on the Weber number and the channel geometry
represented by the hydraulic diameter ratio of the main and branch
channels. The three distinct flow regimes have been identified, namely,
straight, diverging, and diverting flows, and the theoretical models to
find the regime boundaries have been constructed. The regime map
states that the straight flow tends to arise when the flow inertia along
the main channel dominates over the capillary-force induced obstruc-
tion to pass the channel junctions. The diverting flow occurs when the
liquid is forced to divert to the branch channel as the flow toward the
main channel is frustrated by the capillary obstruction. The diverging
flow regime is located between the straight and diverting regimes.

The resulting liquid-filling patterns of the channel network allows
us to obtain various modes of liquid delivery at the channel ends as
well as different shapes of liquid sculpture. Because our theoretical and
experimental results enable us to control liquid distribution and deliv-
ery in channel networks, a range of practical applications can emerge
using our technology, including design of porous membranes for lig-
uid separation and microfluidic chips with multiple sites for chemical
reaction.

Although we have supplied liquid into the channel network with
a syringe pump to achieve the constant flow rate, thus the constant
Weber number, we can consider the case where the constant pressure

source is employed. Then, the velocity of the liquid front will keep
decreasing as it propagates due to viscous dissipation, suggesting a pos-
sibility that the straight flow in the beginning gradually transitions to
diverging and then diverting flow. We can also think about different
ways to obtain various liquid filling patterns by modulating the injec-
tion flow rate or pressure magnitude in situ, spatially patterning the
wettability or dimensions of channel walls, which will further enrich
the applications of liquid front steering technology in milli- and micro-
fluidic systems.
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