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Understanding the gravity-driven motion of droplets on inclined substrates in the
presence of external shear and substrate permeability is important for applications such
as spray coating and filtration. In this paper, we use a lubrication-theory-based model to
study how external shear and substrate permeability affect droplet wetting transitions. A
nonlinear evolution equation for the droplet height as a function of time and two spatial
variables is derived and numerically solved. The contact-line region is described using
a precursor film and disjoining pressure. Depending on its direction, external shear can
either suppress or drive wetting transitions, but does not appear to significantly change the
critical droplet speeds associated with these transitions. Substrate permeability generally
suppresses wetting transitions due to liquid absorption and does appear to significantly
affect these critical droplet speeds. The strong influence of substrate permeability and
external shear on droplet wetting transitions indicates that it will be important to account
for these effects when developing accurate models for industrial applications.
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I. INTRODUCTION

The gravity-driven motion of droplets on inclined substrates is one of the most ubiquitous flows
in interfacial fluid mechanics, yet it is one of the most challenging to understand. The challenge
arises because the flow is generally three-dimensional, is highly nonlinear due to the presence of free
surfaces, and has moving contact lines. Experiments on partially wetting droplets have demonstrated
that droplets undergo various wetting transitions as droplet speed increases [1,2]. At relatively low
speeds, a droplet has a round footprint and attains a terminal shape and velocity. At higher speeds,
the rear of a droplet forms an apparent corner, causing the droplet to adopt a teardrop shape. At
even higher speeds, a liquid neck forms and breaks up. These transitions can be described, at least
qualitatively, using models based on the lubrication approximation [3,4].

The motivation of the present paper comes from the need to understand the influence of external
shear and substrate permeability on droplet wetting transitions. This need arises from two different
applications, namely spray coating and filtration. In spray coating, droplets impact and then spread
on a substrate, which may be inclined and permeable. In addition, external airflows may be present
to dry the coating, and these can exert forces on the droplets. In filtration, liquid droplets entrained in
air contact and then spread on a fiber mat, which may be inclined and permeable. Here, forces may
be exerted on the droplets due to motion of the air. Although both applications involve the presence
of multiple droplets that may coalesce, characterizing the behavior of single droplets in an important
starting point for building fundamental understanding.

Previous work regarding the influence of external shear on droplet motion has focused on the case
in which the substrate is horizontal and impermeable [5], including the case in which droplets are
under an air jet [6]. Considerable attention has also been paid to using external shear to move droplets
adhered to horizontal substrates (e.g., [7-9]). Experiments have shown how external shear due to
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FIG. 1. (a) Schematic of a droplet moving on an inclined substrate. (b) Cross section of the droplet; also
shown are a precursor film and a constant external shear stress that acts on the droplet.

airflow can oppose droplet motion on an inclined substrate [10]. Previous work on droplet spreading
on permeable substrates has focused on the case in which the substrate is horizontal, and external
shear is absent (see Ref. [11] for a recent example). Thus, despite its technological importance, the
case of gravity-driven droplet motion on inclined substrates in the presence of external shear and
substrate permeability has yet to be treated systematically.

In this paper, we use a lubrication-theory-based model to study droplet wetting transitions on
inclined substrates in the presence of external shear and substrate permeability. For the applications
mentioned above, the droplets may exhibit non-Newtonian rheology (e.g., [12,13]), and substrate
roughness may have a significant influence (e.g., [14]). Nevertheless, we consider here the important
limiting case in which the droplet is Newtonian and the substrate is smooth.

The model is presented in Sec. II, and in Sec. III we discuss how to use it to characterize
advancing, receding, and equilibrium contact angles. In Sec. IV, droplet wetting transitions in the
absence of external shear and substrate permeability are considered, and qualitative comparisons
to experimental observations are made. The effects of external shear and substrate permeability are
treated in Secs. V and VI, respectively. Finally, concluding remarks are provided in Sec. VII.

II. MATHEMATICAL MODEL

A. Governing equations

We consider a three-dimensional droplet of a Newtonian liquid moving over a permeable substrate
located at z = 0 and inclined at an angle o with respect to the horizontal (Fig. 1). The droplet flows
with velocity (u#,v,w), which denote the x, y, and z components of the velocity field, respectively.
A constant external shear stress is assumed to act on the droplet. As in prior work [5,15], this shear
stress is intended to be a simple model of an external airflow that is parallel to the substrate. We
assume that the droplet’s characteristic height 2* and radius [* satisfy e = h*/I* < 1, which allows
us to apply lubrication theory. A precursor film and two-term disjoining pressure are used to model
the behavior of the droplet contact line.

The characteristic speed of the droplet is u* = &30 /3u, where o and j are the surface tension
and viscosity of the liquid, respectively. The corresponding time scale is defined as * = [* /u*, the
pressure scale (which can be obtained by balancing the terms from the normal stress balance) as
p* = h*o/I*?, and the disjoining-pressure scale as .&/* = p*. The scale for the external shear is
T* = oh**/31*3, and it can be obtained by balancing the terms in either component of the tangential
stress balance. With these scales, we define the following dimensionless variables (denoted with
primes):

X = l*.x/, y — l* /’ 7= h* /’
u=u*u, v=u*v, w=eseutw,
l*
/7 / 7
t:;t’ p=p*p, H:JZ{*H,

where I is the disjoining pressure.
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At leading order in ¢, the equations governing momentum and mass conservation are

0=—pl + iul., +G,, ey
0=—pl + 3V, 2
0=—pl, — Gy, 3)

uy + vy +wl, =0, “)

where G, = 1*3pg sin(er)/oh* and G, = [**pg cos(w)/o are gravitational parameters, p is the
density of the liquid, and g is the magnitude of the gravitational acceleration. The parameters G,
and G, characterize the strength of gravitational forces relative to surface-tension forces in the
directions parallel and normal to the substrate, respectively.

The air-liquid interface is defined by z’ = A’(x’,y’,t"), and the kinematic condition there is

hy =w' —u'hl, —V'h,. (5)

The normal and tangential components of the interfacial stress balance are, at leading order,

—p =W+ R, + 1T, (6)
wy = (4, )
v = ("), ®)

where the dimensionless constants (t*) = (t*)*/t* and (¢”) = (r”)*/t* characterize the strength
of the external shear in the x and y directions, respectively. We use a disjoining pressure of the form

¥\ (b\?
v -]

which has been used in previous studies of droplet spreading on permeable substrates [11,14,16].
Here, o/’ > 0, and the precursor-film thickness is given by b* = h*b’.
Following Espin and Kumar [11], at the substrate-liquid interface we use the boundary condition

w'(x',y,0,t") = —«'p'(x",y 2 = b1, (10)

which relates liquid absorption by the substrate to the disjoining, hydrostatic, and capillary pressure
of the droplet [11]. This condition is complemented with the no-slip condition

u'(x",y",0,t") = v'(x",y",0,t") = 0. (1)

The imbibition parameter ' = 3x*I**/d*h** in Eq. (10) controls the rate of liquid absorption. As
described in Refs. [11,14], «* is the effective permeability of the substrate and d* is its thickness.
For the case of impermeable substrates, k* = k' = 0.

A single evolution equation for the air-liquid interface is obtained by integrating Egs. (1)—(4) with
respect to z, and using boundary conditions (5)—(11). (The procedure is similar to that described in
Refs. [15,17].) The evolution equation is (primes dropped)

3 3 kRvave) . 2
hy =—=G,(h")y +G,V -(h"Vh) =V - (h’VV h)_E(T , ) - Vh

— IV - (BPVII) — k[Gn(h — b) — &/T1 — V?h). (12)

014004-3



LEONARDO ESPIN AND SATISH KUMAR

B. Solution method

Equation (12) is solved numerically on the domain 0 < x < L, 0 < y < P subject to the
boundary conditions

hO,y,t) =b, hy(0,y,t) =0,
h(L,y,t)=b, hy(L,y,t)=0,
h(x,0,1) = b, hy(x,0,) =0,
h(x,P.t) =b, hy(x,P.t)=0. (13)

Given an initial volume V;* = h*I*?V;, we construct an axisymmetric initial condition. To do

this, we define r = \/ (x — x0)* + (y — y0)?, where (xo,yo) is a point in the computational domain
and ry determines the droplet edge. For points in the computational domain satisfying » < rg, the
initial condition is given by a fourth-order polynomial P(r) = h(r,t = 0), which satisfies symmetry
conditions at (xg, yo) and the edge conditions

P(ro) =b, Pr(ro) =0, (14)

together with the volume condition
ro
/ P(r)dr = Vo + brd. (15)
0

Here, the term nbrg represents the volume of the precursor film on a disk of radius ry. For points in
the computational domain satisfying r > ry, the initial condition is defined by k(x,y,0) = b.

Equation (12), subject to boundary conditions (13), is solved using an alternating direction
implicit (ADI) finite-difference scheme similar to that used for higher-order nonlinear diffusion equa-
tions [18,19]. A pseudolinear factorization of Eq. (12) is employed, with time-lagged approximations
of the nonlinear terms. Second-order centered differences are used to discretize the spatial derivatives,
and an iterative procedure is used at each time step to improve the accuracy of the time-lagged
approximations. For further details of the numerical scheme, we refer the reader to Refs. [18-21].

In a typical simulation, the domain sizes L x P range from 5 x 2 to 15 x 2.5. Typical
discretization sizes vary between 200 x 200 to 320 x 240 points per unit area. Given that our
ADI code has an ideal structure for running in parallel, we use the OPENMD library to parallelize
the code, and typical simulations use between 12 and 32 processors. We note that in cases in which
external shear in the y direction is absent (¥ = 0), our axisymmetric initial condition marched
forward in time results in a solution that is symmetric with respect to the plane y = yy. Thus,
computation times for this situation can be reduced by halving the computational domain in the y
direction and using symmetry boundary conditions at the plane y = yy. A couple of test cases used
to validate our code are discussed in the Appendix.

III. ADVANCING, RECEDING, AND EQUILIBRIUM CONTACT ANGLES

If the substrate is horizontal and impermeable, in the absence of external shear the droplet will
reach an equilibrium state characterized by an equilibrium contact angle. If the substrate is inclined,
the droplet shape can be characterized by advancing and receding contact angles. In this section, we
discuss how these angles are determined from our simulations.

The value of the equilibrium contact angle is determined by the values of the disjoining-pressure
parameter </ and the precursor-film thickness b [20,21]. In addition, b also controls the terminal
droplet speed, with smaller values of b leading to lower speeds. However, smaller values of b
lead to a stiffer problem and greater computational costs due to increasing disparity between the
precursor-film height and maximum droplet height.

In experimental studies involving droplets moving down inclined planes (in the absence of
external shear and substrate permeability), it is observed that the droplets rapidly reach a terminal
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(b)

FIG. 2. (a) Terminal shape of a liquid droplet moving down a vertical (¢ = 90°) impermeable substrate in
the absence of external shear. (b) Position of the apparent advancing contact line x4 vs time. The parameters
used in this simulationare Vo = 1,k =0,G, =0,G, = 10,7* = 1" = 0,4 =4/b,and b = 10~2. The initial
condition was centered at (xo = 1,yo = 1) with ry = 0.25.

shape and speed when the inclination angle is below a critical value (which depends on droplet
volume) [1,2,22]. To confirm that our simulations can capture this behavior qualitatively, we show
in Fig. 2 results from simulations of droplet motion on a vertical substrate. The values of .2/ and b
chosen are consistent with those used in prior computational studies [3,4].

Figure 2(a) shows the terminal shape of the droplet. Figure 2(b) shows that this state is attained
rapidly, as evidenced by the time evolution of the position of the apparent advancing contact line
x4(t) (defined below), which reaches a constant terminal speed. [In Fig. 2(a) and subsequent images,
the color scale is chosen for appearance rather than to convey any quantitative information.]

As noted in Sec. II B, if an initial condition symmetric with respect to a plane y = yy is used for
a simulation, in the absence of lateral external shear (t” = 0) the solution will remain symmetric
fort > 0. In these cases, the solution at the plane of symmetry, s(x,?) = h(x,y = Yyo,t), can be used
to obtain the apparent advancing (64) and receding (6z) contact angles by computing the minimum
and maximum slopes of s(x,?), respectively. Similarly, the position of the apparent advancing and
receding contact lines, x4(¢) and xg(#), can be obtained by extrapolating the corresponding tangent
lines to the substrate [11]. An example of a computation of x4 is shown in Fig. 2(b), and in Fig. 3
we show the computed advancing and receding angles, superimposed with a plot of s(x,t = 2.5).

—2.5)

h(x,y=1,t

2 2.5 3

X

FIG. 3. Cross section of the droplet of Fig. 2(a) at the plane of symmetry y = 1, superimposed with the
computed terminal advancing and receding contact angles 04 = 60.2° and 8z = 50.2°. For this simulation, the
equilibrium contact angle is 6, = 57.3°.
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To determine the equilibrium contact angle, we do a separate simulation on a horizontal substrate.
Under these conditions, the solution obtained with our axisymmetric initial condition remains
axisymmetric for ¢+ > 0. This implies that the apparent contact angle along the entire contact line
is identical, in which case 64 = 0g. By marching the initial condition forward in time until an
equilibrium state is reached [11], we can then define the equilibrium contact angle as 6, = 6,4.

This procedure is used to compute 6, for all the simulations reported in this paper unless stated
otherwise. In particular, for the example of Figs. 2 and 3, changing the substrate inclination angle
to o = 0° leads to G, = 0 and G,, = 5.737. Using these parameters in a simulation, we find that
6, = 57.3°. For the comparisons with experiments that we carry out in Sec. IV, we fix the value
of b and adjust the value of the disjoining-pressure parameter </ until we obtain the value of
the equilibrium contact angle reported in the experiments. In matching the values of 6, from the
simulations and experiments, we account for the different scales used in the horizontal and vertical
directions [11]. We note that for the lubrication approximation to be strictly valid, 6, also needs to
be small. However, the lubrication approximation often works well far beyond the regime in which
it is formally valid (e.g., see Ref. [23]).

IV. ABSENCE OF EXTERNAL SHEAR AND SUBSTRATE PERMEABILITY

To better understand the influence of external shear and substrate permeability, it is useful to
first consider what happens when these effects are absent. In this section, we discuss our simulation
results for this case and make qualitative comparisons to experimental observations.

A. Wetting transitions

Experiments on droplets moving down inclined planes show that several wetting transitions
occur as droplet speed increases. For inclination angles below a critical value (which depends on
droplet volume), droplets will attain a terminal speed and a corresponding shape characterized
by a round footprint [1,2]. The terminal speed increases with increasing inclination angle, and
when the critical value is reached, the droplets develop an apparent corner at their trailing edges,
displaying a characteristic teardrop shape [1,2]. At even larger inclination angles, the back of a
droplet stretches, forming a liquid neck. The neck eventually breaks up into smaller droplets due to
a Plateau-Rayleigh-like instability [1,2], a process referred to as “pearling” [2,3].

To test whether we can reproduce these wetting transitions, we use data taken from Ref. [1], an
experimental study of silicone oil droplets moving on a coated glass plate. According to Ref. [1],
droplets of 18 uL display all of the wetting transitions described above, which is why we choose
to use this volume.

The silicone oil is reported to have viscosity u = 9.15 cP, surface tension o = 20.5 mN/m,
density p = 924 kg/m?, and measured static advancing and receding contact angles of 50° and 40°,
respectively [1,4]. From these contact angles, we estimate an equilibrium contact angle of 45° by
using the analytical expressions of Tadmor [24], which employ a combination of energetic and
geometric arguments to relate 6,4, Og, and 6,. Using a spherical-cap approximation, we estimate a
characteristic droplet height of 2* = 1.23 mm and radius of [* = 2.97 mm.

For the remainder of this paper, we choose a precursor film thickness b = 0.005. For the present
case, this represents a dimensional value of b* = b x h* =~ 6 um. Although this is larger than re-
ported values (which range from ~10nm to ~1 pm [25]), based on prior studies we do not expect that
it will affect the qualitative behavior of our results [5,12]. This value of b allows us to strike a balance
between physical realism and computational tractability. Results of limited runs we have performed
indicate that reducing the value of b does not change the qualitative behavior of any of our results.

Figure 4 shows droplet shapes at various times obtained from our simulations for three different
substrate inclination angles o between 26.3° and 90°. As the inclination angle increases, the droplet
goes from having a round footprint to a teardrop shape, with pearling occurring at even higher angles.

014004-6



DROPLET WETTING TRANSITIONS ON INCLINED ...
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FIG. 4. Wetting transitions for 18 uL droplets moving down substrates with inclination angles «. The
parameters used in these simulations are Vy = 1.66, k =0, t* =17 =0, &/ = 7.29/b (6, = 45°), and b =
5 x 1073, The gravitational parameters are G, = 3.49, G, =4.16 (@ =26.3°); G, =249, G, =723 (a =
50.2°);and G, =0, G, = 9.40 (¢ = 90°). All quantities shown are dimensionless. The initial conditions were
centered at (xo = 1.25,y¢ = 1.25) with ry = 0.75.

Our simulations are thus able to qualitatively capture the wetting transitions that have been observed
experimentally as described at the beginning of this section.

Figure 5 shows the positions of the apparent advancing contact lines x 4 and the apparent advancing
contact angles 64 corresponding to the simulations of Fig. 4. Figure 5(a) indicates that the droplets
rapidly attain a terminal speed, and that larger substrate inclination angles lead to larger terminal
speeds. For the droplets on substrates with inclination angles o = 26.3° and 50.2°, terminal shapes
are attained at approximately the same time, which can be observed in the behavior of the advancing
contact angles, shown in Fig. 5(b).

The unsteady dynamics that occur due to the pearling when o = 90° are reflected in the time
evolution of the advancing contact angle. The leading droplet shown in Fig. 4 for « = 90° experiences
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FIG. 5. (a) Time evolution of the apparent advancing contact lines of the droplets of Fig. 4. (b) Time
evolution of the apparent advancing contact angles for « = 26.3° and 50.2°. (c) Same as (b) but for « = 26.3°
and 90°. All quantities shown are dimensionless. The data for « = 90° are for the leading droplet.

a continuous decrease of height. This is a consequence of the stretching of its rear, which forms a
liquid neck that breaks up into smaller droplets, causing the leading droplet to lose mass. This height
decrease leads to a continuous decrease of the advancing contact angle of the leading droplet, which
is shown in Fig. 5(c). In contrast, the advancing contact angle for a droplet moving on a less inclined
substrate (¢ = 26.3°) reaches a constant value.

B. Terminal speeds

We now compare the terminal speeds predicted by our simulations with those observed
experimentally. To do this, we perform simulations of 3 uL droplets. For these droplets, the
experimental data we will use [1] correspond to the regime where the droplet has a round footprint.
This implies that different substrate inclination angles will only change the terminal speed without
causing a wetting transition, making comparisons between simulations and experiments simpler.

Figure 6 shows the experimental data [1] along with our simulation results. Also shown are
simulation results from Ref. [4]. The vertical axis is the terminal speed expressed as a capillary
number, Ca = uU /o, where U is the terminal speed. The horizontal axis is expressed in terms of
the inclination angle and Bond number, Bo = (V,})*3pg/o.

As can be seen, our simulations predict that the terminal speed increases linearly with sin(w),
which is qualitatively consistent with the experimental observations. However, the speeds predicted
from our simulations with 6, = 45° are larger, and they increase more quickly with inclination angle.

We ascribe part of this difference to the relatively large value of b we use, and we would expect
the discrepancy to decrease for smaller values of b [3,21,26]. Indeed, the results of Ref. [26] indicate
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FIG. 6. Terminal droplet speed (Ca) as a function of the substrate angle inclination angle « (and Bo) for
3 uL droplets. The experimental data are from Ref. [1]. The square markers correspond to the highest accuracy
simulations of Fig. 10 of Ref. [4]. The parameters used for our simulations are Vo = 1.66, t* = ¥ = 0, and
k =0.Forf, =45°, weuse &/ = 7.29/band b =5 x 1073. For §, = 32°, we use &/ = 3.42/b and b = 0.01.
The straight lines are linear fits to the simulation data. The initial conditions for our simulations were centered
at (xo = 1.25,y = 1.25) with ry = 0.75.

that the predicted speeds come closer to the experimental values for smaller values of b, with the
price being a substantial increase in computational costs. Some of the discrepancy may also be due
to contact-angle hysteresis [1,2,27,28], which is neglected in our simulations, and the relatively large
value of 6, = 45°, for which the lubrication approximation may be less accurate.

Figure 6 also shows that the terminal speeds predicted from our simulations for 6, = 45° are
larger than those predicted in Ref. [4]. The simulations of Ref. [4] also yield larger speeds and a
faster increase of speed with inclination angle relative to the experiments.

The differences in terminal speeds between our simulations and those of Ref. [4] occur because
of differences in how the disjoining-pressure parameter .« (and thus the equilibrium contact angle
6,) are determined. While we follow the procedure described in Sec. III for determining <7, the
following expression (obtained from lubrication theory [20,21]) is used in Ref. [4]:

(1 —cosB,)(n — 1)(m — 1)

o
be2(n — m)

, (16)

where m and n are constants satisfyingn > m > 1.

By using the values reported in Ref. [4] of b = 0.01 and 6, = 45° in formula (16), we obtain
o/ = 3.42/b. This value, along with the values of n = 3 and m = 2, were used in the simulations
marked with open circles in Fig. 6. As can be seen, with this choice of parameters, the predictions
from our simulations are consistent with those of Ref. [4]. When the above values are used in
our simulations to determine 6, (using the procedure described in Sec. III), we find that 6, is
actually 32° rather than 45°, explaining the differences seen in Fig. 6. We note that the droplet from
our simulations with b =5 x 1073 and 6, = 45° moves faster compared to the droplet from our
simulations with b = 0.01. Even though the precursor film is thicker in the latter simulations, the
droplet moves more slowly because 6, = 32° in those simulations. The lower value of 6, leads to
more viscous dissipation [22,29], which slows down the droplet and outweighs the faster terminal
speeds that tend to occur at larger values of b.
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FIG. 7. Positions of the apparent advancing contact lines (in millimeters) vs time (in seconds) for 3 uL
droplets moving down a substrate with an inclination angle &« = 26.3° in the presence of external shear opposing
the downward motion. The parameters used in these simulations are Vy = 1.66, G, = 1.26, G, = 1.06, 7" =0,
k=0, =7.29/b (6, = 45°), and b = 5 x 107>. External shear is activated impulsively at time ¢ = 0.07 s.
The initial conditions were centered at (xo = 1.25,yy = 1.25) with ry = 0.75.

V. EFFECTS OF EXTERNAL SHEAR ON DROPLET MOTION AND WETTING TRANSITIONS

We now turn to the effects of external shear, considering the case in which the substrate is imper-
meable. Even when restricting ourselves to the case when lateral shear is absent (7 = 0), the effects
of external shear are complex, altering the terminal droplet speed and shape, and thus the wetting
transitions. External shear can be used to either aid droplet motion (z* > 0) or oppose it (7* < 0).

We first consider the case in which external shear opposes droplet motion (¥ < 0; Sec. V A),
then we examine the influence of this opposing shear on pearling (Sec. V B), and finally we study
the case in which external shear drives wetting transitions (z* > 0; Sec. V C). As in Sec. IV, we use
simulation parameters motivated by the experiments of Ref. [1].

A. External shear opposing droplet motion

To examine the influence of external shear that opposes droplet motion, we consider the 3 L
droplet of Ref. [1]. For this volume, the droplet has a round footprint and attains a terminal speed
in the absence of external shear. We fix the substrate inclination angle at « = 26.3° and vary the
strength of the external shear t~.

In Fig. 7, we show the effects of opposing external shear on the motion of the 3 L droplet. For
the simulations of Fig. 7, we used as an initial state the solution at time t = 2.4 (or t = 0.07 s in
dimensional time units) of a droplet moving in the absence of external shear (shown with a dashed line
in Fig. 7), and marched this initial state forward in time. This is computationally equivalent to starting
a simulation at + = 0 with the initial condition described in Sec. II B, and using a time-dependent
external shear coefficient 7*, which is zero for t < 2.4 and equal to a nonzero value afterward. Thus,
the external shear is activated impulsively at a given time.

As shown in Fig. 7, external shear can reduce the terminal speed (¥ = —1), force the droplet to
stop moving (t* = —1.75), or even go up the inclined substrate (t* = —10). In all the cases shown
in this figure, we find that despite the action of external shear, the droplets attain a terminal shape
and velocity that are functions of 7*.

The results of Fig. 7 indicate that for t* ~ —1.75, the droplet reaches a steady state as a
consequence of external shear balancing the effects of gravity. Furthermore, we find that in this
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FIG. 8. (a) Cross section at the plane of symmetry y = y, of the droplet corresponding to the case 7* =
—1.75 of Fig. 7, and (b) time evolution of the apparent advancing contact angle.

steady state the action of surface tension and the disjoining pressure produce a terminal shape that
is close to what is observed for a droplet on a horizontal substrate: a spherical-cap shape where the
advancing and receding contact angles have reverted back to the equilibrium contact angle 6, = 45°.

We show this in Fig. 8, where simulation results are presented in dimensional units to give an
accurate representation of horizontal and vertical spatial scales. Figure 8(a) shows the cross section
at the plane of symmetry of the droplet of Fig. 7 for the case t* = —1.75, superimposed with 45°
angles. Figure 8(b) shows the time evolution of the apparent advancing contact angle and how it
reaches a value close to 8, = 45°. The correspondence of this steady state with the equilibrium droplet
shape on a horizontal substrate is surprising and not at all obvious given the strong nonlinearity and
asymmetry of the problem.

In related experimental work, Hashimoto ez al. [10] used a wind tunnel to produce a uniform
air flow opposing the downward motion of water droplets on an inclined substrate. The droplet
volumes used in their experiments vary between 10 and 50 uL and the contact angles are large
(102.4° £ 0.3°). Despite these differences from our simulation parameters, we can estimate an air
speed from our simulations to see if it is comparable to the air speeds used in the experiments, which
ranged from O to 13 m/s.

To extract an air-speed estimate from our simulations, we relate it to the pressure on the droplet
via the following formula [10]:

Pair = 2Cp0aic V7, (17)

where C), is a dimensionless drag coefficient that depends on the shape of the object in the air flow,
Pair 18 the density of air, and V is the air speed. As in Sec. IV A, the characteristic height 7* = 0.68
mm and radius /* = 1.63 mm are obtained using a spherical-cap approximation, this time fora 3 uL
droplet with a contact angle of 45°. For the computations of Figs. 7 and 8, the external shear scale is
* = oh*?/31*3 = 0.718 Pa. As the liquid viscosity is much larger than the air viscosity, we treat the
droplet as being rigid and take C, = 0.4 [30]. Then, according to Eq. (17) the air speed corresponding
to ¥ = 1.751is V =~ 2.4 m/s, which lies within the range of values used in the experiments.

The above estimate suggests that the effects that we observe in our simulations are physically
reasonable. However, we are unaware of experimental data that we can compare directly with our
simulations. It should also be noted that our model suggests that a steady state is attained for a single
value of the external shear (Fig. 7). However, in Ref. [10], it is reported that downward motion
is arrested for a range of air speeds. The large contact angles of the water droplets of Ref. [10]
preclude the possibility of a direct comparison with our lubrication-theory-based model. However,
we hypothesize that the existence of a range of air speeds for which a steady state is attained is due
to contact-angle hysteresis, which is absent from our model.
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FIG. 9. Pearling process stopped by opposing external shear on an 18 uL droplet moving down a vertical
substrate (compare with the o« = 90° case of Fig. 4). The parameters used in these simulations are V, = 1.66,
G,=940,G,=0,7"=-10,7" =0,k =0, &/ =7.29/b (6, = 45°),and b = 5 x 1073. External shear is
started impulsively at time ¢+ = 1.05. All quantities shown are dimensionless. The initial droplet shape is the
same as that used in Fig. 4.

B. External shear and droplet pearling

The way in which droplet pearling interacts with external shear depends on the state of the
droplet at the time the external shear is activated. To illustrate this observation, we focus on the case
a = 90° of Fig. 4, where pearling occurs for the 18 nL droplets in the absence of external shear.

Figure 9 shows how opposing external shear can stop the pearling process of an 18 uL droplet
moving down a vertical substrate. External shear is started at time ¢ = 1.05, reducing the droplet
speed and forcing the droplet to revert back to having a round footprint. (The time evolution of the
apparent advancing contact line x4 and angle 64 of this droplet are shown in Fig. 11 with dotted
lines.)

We now repeat the calculation of Fig. 9, but we activate the external shear at a later time t = 2.75,
when the pearling process has already produced a droplet. As shown in Fig. 10, the external shear has a
very different effect. Here, external shear slows down the motion of the leading droplet and causes the
smaller droplets (pearls) to move upward (as seen from the increasing distance between the pearls and
the leading droplet of Fig. 10 as time progresses). In addition, the external shear stops the stretching of
the liquid neck on the main droplet. The number and size of the liquid pearls is also reduced compared
to the « = 90° case of Fig. 4, where pearling occurs in the absence of external shear (t* = 0).

In Fig. 11(a), we show the positions of the apparent advancing contact lines x4 of the droplet of
Fig. 9, the leading droplet of Fig. 10, and the leading droplet of the « = 90° case of Fig. 4. This figure
shows how the impulsive activation of the external shear alters the motion of a droplet, reducing its
speed. In Fig. 11(b), we show the time evolution of the apparent advancing contact angles 64 of the
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FIG. 10. Upward movement of pearls driven by opposing external shear on an 18 uL droplet moving down
a vertical substrate (¢ = 90°). The parameters used in these simulations are the same as those in Fig. 9, but
external shear is started impulsively at a later time, ¢ = 2.75. All quantities shown are dimensionless. The image
at time t = 6.05 was truncated to facilitate comparison with results at previous times.

droplet of Fig. 9 and the leading droplet of Fig. 10. Both droplets attain a terminal shape after a brief
interval due to the interaction with the external shear. Since pearling does not occur for the droplet
of Fig. 9, it has more mass, a larger maximum height, and thus a larger advancing contact angle than

the terminal leading droplet of Fig. 10.
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FIG. 11. (a) Positions of the apparent advancing contact lines vs time of the droplet of Fig. 9, and the
leading droplets of Figs. 10 and 4 (o« = 90° case). (b) Apparent advancing contact angles vs time of the droplet

of Fig. 9 and the leading droplet of Fig. 10. All quantities shown are dimensionless.
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FIG. 12. Wetting transitions driven by external shear in the direction of droplet motion for 18 wL droplets
on a substrate with inclination angle o = 26.3°. The parameters used in these simulations are V, = 1.66,
G,=416,G,=349,t" =0,k =0, =7.29/b (0, = 45°),and b =5 x 1073, External shear is activated
impulsively at time ¢ = 0.45 in all the simulations. All quantities shown are dimensionless. The initial droplet
shapes are the same as those used in Fig. 4.

C. External shear driving wetting transitions

We now discuss how external shear pushing a droplet in the direction of motion can force wetting
transitions that would not be observed otherwise. To illustrate this, we focus on the 18 uL droplet
moving on a substrate inclined at an angle o = 26.3°. As noted in Sec. IV A, under these conditions
the droplet exhibits a round footprint when external shear is absent.

In Fig. 12, we show droplet shapes for different values of the external shear * at given times.
When t* = 0, the terminal shape of the droplet has a round footprint (cf. Figs. 4 and 5) and the
terminal speed is 5.2 cm/s. By forcing the droplet to move faster, external shear drives wetting
transitions similar to those driven by gravitational forces (cf. Sec. IV). When t* = 4, the droplet has
a teardrop shape with terminal speed 9.0 cm/s. When t* = 5, pearling is observed, and the terminal
speed of the leading droplet is 9.9 cm/s.

The time evolution of the apparent advancing contact lines x4 of the droplets of Fig. 12 is
shown in Fig. 13(a). This panel shows that all the droplets (leading droplet in the case t* = 5) are
traveling at terminal speeds. The corresponding time evolution of the apparent advancing contact
angle 6,4 for the cases ¥ =4 and 5 is shown in Fig. 13(b). For t* = 4, where a teardrop shape
is observed, the advancing contact angle reaches a terminal value. For t* = 5, where pearling
occurs, the leading droplet experiences a continuous decrease in height due to loss of mass. As a
consequence, the advancing contact angle continues to decrease as time progresses. Similar behavior
is seen in Fig. 5(c) as the inclination angle is varied in the absence of external shear.

In the absence of external shear, the onset of the teardrop shape can be understood by recognizing
that there is a critical speed for liquid entrainment [1,31]. As the terminal speed of the droplet
increases (via an increase in the inclination angle), apparent corners form so that the magnitude
of the velocity normal to the contact does not exceed this critical value [1]. As the droplet speed
increases further, the corners become more pronounced and a liquid neck forms. Eventually a steady
state can no longer be sustained, and pearling occurs via a Plateau-Rayleigh mechanism.

In the presence of external shear, it appears that the terminal droplet speeds at which these
transitions take place are not significantly affected. To illustrate this, we consider the terminal speed
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FIG. 13. (a) Positions of the apparent advancing contact lines vs time of the droplets of Fig. 12. (b) Apparent
advancing contact angles vs time corresponding to the cases t* = 4 and 5 of panel (a). For t* = 5, the data in
both panels correspond to the leading droplet. All quantities shown are dimensionless.

at which pearling first occurs. In the absence of external shear, pearling first occurs for the 18 uL.
droplet when the inclination angle is ¢ ~ 55°, and the corresponding droplet speed is approximately
9.7 cm/s. When the inclination angle is reduced to o = 26.3°, pearling first occurs when when
the external shear is 7% ~ 5 (Fig. 12). The corresponding droplet speed is approximately 9.9 cm/s,
which is comparable to the value in the absence of external shear.

In Fig. 14, we show droplet shapes for both cases at the times when the first liquid pearl has been
shed. Although there are pronounced differences in droplet shape, the speeds of the leading droplets
are approximately the same (9.9 versus 9.7 cm/s). This suggests that even though each droplet is
subject to different forces, the physical mechanisms governing the onset of pearling are very similar
in the absence and presence of external shear.

FIG. 14. Shapes of 18 uL droplets at the onset of pearling in the presence (left) and absence (right) of
external shear. The parameters used in these simulations are V, = 1.66, t¥ = 0,k = 0, &/ = 7.29/b (6, = 45°),
and b =5 x 107%. For the left image, G, = 4.16 and G, = 3.49, and for the right image, G, = 7.70 and
G, = 2.23. External shear is activated impulsively at time r = 0.45. All quantities shown are dimensionless.
The initial droplet shapes are the same as those used in Fig. 4.
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FIG. 15. Time evolution of (a) apparent advancing contact lines, (b) apparent advancing contact angles,
and (c) volumes of 18 uL droplets moving on permeable substrates with inclination angle o with respect to
the horizontal. All quantities shown are dimensionless, with the exception of the volume, which is shown
in microliters. The quantity (bL P)* in panel (c) represents the volume of the precursor film. Except for the
permeability « = 0.0498, the parameters used in these simulations are the same as those in Fig. 4 (G, = 3.89
and G, = 0 when @ = 0°).

VI. WETTING TRANSITIONS ON PERMEABLE SUBSTRATES

In this section, we investigate how substrate permeability affects droplet motion and wetting
transitions. An immediate consequence of substrate permeability is the absence of steady states
given that liquid absorption causes droplets to continuously lose mass, thereby altering droplet
shape and motion.

To illustrate the effects of substrate permeability, we consider silicone oil droplets that have an
initial volume of 18 L. We take the dimensional permeability to be k* = 4.55 x 107® cm? and the
substrate thickness to be d* = 0.13 mm, which are within the range of values for silicone oil droplets
spreading on fiber mats and membranes [11,32]. The equilibrium contact angle and precursor-film
thickness are the same as those in previous sections.

In Fig. 15, we show the time evolution of the (a) apparent advancing contact lines, (b) apparent
advancing contact angles, and (c) droplet volumes at several different inclination angles in the
absence of external shear. As initial conditions for the nonzero inclination angles, we used solutions
from simulations shown in Figs. 4 and 5 at times when the droplets were close to their terminal
shapes. This significantly reduces computation times since it allows us to avoid simulating the
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FIG. 16. Time evolution of 18 uL droplets moving down impermeable (first row) and permeable (second
row) vertical substrates (¢ = 90°). The substrate permeability for the first row is ¥ = 0, and for the second row
itis k = 0.0498. All other parameters used in these simulations are the same as those in Fig. 4. All quantities
shown are dimensionless.

earliest stages of droplet motion where the droplet rapidly relaxes from its initial condition. This
choice of initial condition is reflected in Fig. 15(a), where the initial value of x4 increases with
the inclination angle. Based on some limited runs we have performed, we note that the qualitative
behavior of the results presented in this section is not affected by this choice of initial condition.

The behavior of the droplet on a horizontal permeable substrate (o« = 0°) is consistent with what
has been reported previously for axisymmetric droplets [11,32] (see also the Appendix). There
is a short spreading period that occurs while the droplet surface relaxes to a spherical-cap shape
characterized by the equilibrium contact angle 6, [see the dashed curves in Figs. 15(a) and 15(b)].
This is immediately followed by a long retraction period due to liquid absorption by the substrate,
during which the apparent contact angle remains close to 6, [11]. The volume of the droplet
decreases steadily until it reaches that of the precursor film on the rectangular domain of size L x P
[dashed curve of Fig. 15(c)].
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FIG. 17. Time evolution of an 18 uL droplet moving down a permeable substrate with an inclination angle
a = 26.3° and aided by external shear. The parameters used in these simulations are Vy = 1.66, G, = 4.16,
G,=349,7"=10,7" =0,« =0.01, &/ =7.29/b (6, = 45°),and b =5 x 1073, All quantities shown are
dimensionless.

In contrast to the horizontal case, droplets on inclined permeable substrates display a much longer
spreading period followed by a brief retraction [Fig. 15(a)]. Substrate inclination forces the droplets
to tilt forward, increasing the droplet height with respect to the horizontal case, and as a consequence
also the advancing contact angle [Fig. 15(b)]. However, as time progresses, this height difference
is reduced because of the loss of liquid mass, which is reflected in the behavior of the advancing
contact angle as well. The rate of liquid absorption decreases and the absorption time increases with
substrate inclination angle [Fig. 15(c)]. This can be understood by recognizing that the hydrostatic
component of the pressure decreases with increasing inclination angle, which reduces the driving
force for liquid absorption.

The most interesting consequence of substrate permeability is that it tends to suppress the wetting
transitions discussed in Sec. [V. We illustrate this in Fig. 16, where we compare the time evolution
of droplets moving on impermeable (first row) and permeable (second row) vertical substrates. The
first row of Fig. 16 shows the evolution of the droplet corresponding to the « = 90° case of Fig. 4,
close to the time when the first liquid pearl forms.

The second row of Fig. 16 shows how the droplet of the first row behaves when the substrate
is permeable (the corresponding time evolution of various quantities characterizing this droplet is
shown with continuous lines in Fig. 15). The steady loss of mass due to liquid absorption is evident
in these images, and at t = 2, when enough liquid has been absorbed by the substrate, the droplet has
reverted back to having a round footprint. It is also clear that liquid absorption has suppressed the
formation of the long neck at the back of the droplet, which marks the start of the pearling process.
This happens because liquid absorption increases with increasing capillary pressure, which is large
in the region where the liquid neck is forming due to the large surface curvature.

However, droplet pearling can still be observed if the time scale associated with liquid absorption
is small enough or the droplet speed is fast enough, as shown in Fig. 17. Here, droplet motion is aided
by external shear, and the substrate permeability is smaller compared to the simulations of Figs. 15
and 16. Under these conditions, a liquid neck has time to form and stretch before it is absorbed.

Nevertheless, it is important to recognize that droplet wetting transitions are fundamentally
altered by substrate permeability. For example, although teardrop shapes are observed on permeable
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FIG. 18. (a) Time evolution of an 18 uL droplet moving down a permeable substrate with an inclination
angle o = 26.3° and aided by external shear * = 7. (b) Time evolution of the apparent advancing contact line
of the droplet of (a). The red dashed line is a linear fit to the continuous curve, and the dotted line shows x4
when the substrate is impermeable (k = 0). All other parameters used in these simulations are the same as
those in Fig. 17. All quantities shown are dimensionless.

substrates (droplet of the second row of Fig. 16 at r = 0.6), they occur as transient states instead of
the terminal shapes observed on impermeable substrates.

To further illustrate these differences, we consider the terminal droplet speed at which pearling
first occurs. Recall from Sec. V C that for impermeable substrates, this speed was not significantly
affected by external shear. However, this is no longer the case when the substrate is permeable.

To show this, we repeated the simulation of Fig. 17 with a smaller external-shear parameter
(r* =17). Figure 18(a) shows that pearling does not occur (compare the time labels with those of
Fig. 17), and Fig. 18(b) shows the time evolution of the apparent advancing contact line. Note
that over the time interval shown, the droplet on the permeable substrate attains an approximately
constant speed. A linear fit to the contact-line position allows us to estimate the droplet speed as
11.5 cm/s. The corresponding time evolution for a droplet on an impermeable substrate is also
shown. Here, pearling occurs (images not shown), and the terminal speed of the leading droplet is
11.9 cm/s.

On an impermeable substrate, the critical terminal speed at which pearling first occurs in the
absence of external shear is approximately 9.7 cm/s (Sec. V C and Fig. 14). The droplet of Fig. 18(b)
on an impermeable substrate has a speed of 11.9 cm/s, which is larger than this critical speed, and
pearling is indeed observed. However, the droplet of Fig. 18(b) on a permeable substrate has a speed
(11.5 cm/s) that is also larger than this critical value, but pearling is not observed. This indicates that
over the time interval considered, the effects of substrate permeability on droplet speed are relatively
small, yet permeability has suppressed pearling.

VII. CONCLUSIONS

The results presented in this work show that external shear and substrate permeability have a
significant influence on droplet wetting transitions on inclined substrates. If strong enough, external
shear can balance the gravity-driven motion of a droplet, causing it to remain stationary or move
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upward (Sec. V A). Remarkably, if the droplet is forced to remain stationary, it attains a shape that is
close to what is observed for a droplet on a horizontal substrate. External shear inhibits the formation
of a liquid neck at the rear of the droplet, and if applied early enough, it can stop the pearling process
(Sec. V B). If pearls do form, external shear moves them upward while the leading droplet continues
to move down the substrate. External shear can also drive wetting transitions similar to those driven
by gravity (Sec. V C). It appears that the critical terminal droplet speeds at which these transitions
occur are not significantly affected by external shear, suggesting that the physical mechanisms
governing the onset of pearling are very similar in the presence and absence of external shear.

Substrate permeability leads to the absence of steady states because droplets continually lose
mass (Sec. VI). As a consequence of this mass loss, pearling can be suppressed. If the droplet speed
is sufficiently large (due to a low permeability or external shear), pearling can still occur. When it
does, it appears that the critical droplet speed associated with the onset of pearling is significantly
affected by substrate permeability. The strong influence of substrate permeability and external shear
on droplet wetting transitions indicates that it will be important to account for these effects when
developing accurate models for spray coating and filtration (Sec. I).

We close by highlighting several areas of future research suggested by our work. First, there
is a need for systematic experiments to verify the theoretical predictions of this paper. Second,
even for impermeable substrates, it would be useful to perform simulations of the full Stokes or
Navier-Stokes equations with a Navier-slip boundary condition. This would enable the study of
nonwetting droplets, which are beyond the reach of lubrication theory, and it would also allow one
to overcome the limitations of using a precursor-film model (Sec. IV). Such simulations may also
help to resolve the puzzling observation that unphysically small slip lengths are needed in various
asymptotic theories for their predictions to match experimental observations [29,33]. Third, it will
likely be important to account for contact angle hysteresis in the model to describe experimental
observations, especially for the applications described in Sec. I, where substrate roughness is expected
to be significant. This could be done by explicitly accounting for substrate topography and chemical
heterogeneities (e.g., [34]). Finally, our results from Sec. VI suggest the need for a systematic
study of wetting transitions on permeable substrates, similar to what has been accomplished for
impermeable substrates [35-38].
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APPENDIX: CODE VALIDATION

In this Appendix, we describe a couple of test cases used to validate our code. The first concerns
a perfectly wetting droplet moving on a horizontal substrate in the presence of external shear. By
assuming that the droplet is one-dimensional [h# = h(x,?)], neglecting surface tension, and using
arguments similar to those in Ref. [5], a self-similar solution can be derived:
hix,t) = — Al
()=~ (A1)
Figure 19(a) shows that away from the droplet front, there is excellent agreement between the
results from our simulation taken at the symmetry plane (at a given time) and the prediction of
Eq. (Al). It is notable that even though the droplet in our simulation is two-dimensional (i.e., it has
a finite extent in the y direction), the height profile at the symmetry plane matches that predicted by
the self-similar solution, which is for one-dimensional droplets.
Figure 19(b) shows cross sections of the droplet from our simulations at different values of x. At
the rear of the droplet, and close to the symmetry plane (y = 1), the rate of change of surface curvature
with respect to x and y is relatively small, so surface-tension effects are not significant, which explains
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FIG. 19. (a) Droplet height profile at symmetry plane (y = 1) at# = 2.5 compared to prediction of Eq. (A1)
(straight line). (b) Cross sections of droplet at different values of x. The parameters used in the simulations are
Vo=1,«k=0,G,=0,G,=0,7"=50,7" =0, =0,and b = 10~2. The initial condition was centered
at (xo,y0) = (1,1) with ry = 0.25.

the agreement with the self-similar solution shown in Fig. 19(a). However, when x 2 6, the rate of
change of surface curvature becomes significant and surface tension can no longer be neglected.

The second test case concerns a droplet spreading on a horizontal permeable substrate in the
absence of external shear. The axisymmetric version of this problem was considered in Ref. [11].
The results produced by the present code can be compared to the results of Ref. [11] by recognizing
that if we start with an axisymmetric initial condition, the solution should remain axisymmetric in
the absence of external shear.

In Fig. 20, we show a comparison of the results produced by the axisymmetric code [11] and the
present code, which solves the full two-dimensional (2D) equations. For these simulations, we did
not enforce any symmetry conditions, including at y = yy. A droplet contact angle and contact-line
position were extracted from the 2D simulations using the method described in Sec. III. The droplet
radius is then taken to be x4 — xo.

Figure 20(a) shows the time evolution of the droplet radius. The droplet initially spreads, and
then a retraction period caused by liquid absorption into the substrate follows. Figure 20(b) shows
that the apparent contact angle of the droplet decreases during spreading, and then remains close to
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FIG. 20. Time evolution of (a) radius and (b) apparent contact angle for a droplet spreading on a horizontal,
permeable substrate. The parameters used in our simulations are Vo =2,G, = G, =0,7°* =17 =0,k = 0.1,
o/ =1/b (0, = 43.31°), and b = 1073. The initial condition was centered at (xo = 1,y, = 1) with r, = 0.5.
The red curves (axisymmetric) are from Fig. 5 of Espin and Kumar [11].
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its equilibrium value during retraction [11]. When the origin of the coordinate system for the 2D
simulations is translated to (xg, yo), it is seen that the results from those simulations are in excellent
agreement with those obtained using the axisymmetric code.
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