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ABSTRACT: Sessile droplets exposed to shearing gas flows resist depinning owing to surface tension and
contact angle hysteresis. It is known that contact line depinning occurs when the shearing gas flow is large
enough to deform the droplet beyond its contact angle hysteresis. This work explores the contact line depinning
process by visualizing growing droplets on a porous layer in laminar shear gas flows. High-speed imaging of
droplets revealed an oscillatory motion in droplets, which is speculated to originate from an interaction between
the drag force and surface tension effects. This oscillatory motion creates an inertial force within the droplet
which combines with the drag force when droplet acceleration is in the stream-wise direction. The combined
effect competes against the droplet adhesion force, setting the depinning criteria. Analyzing droplet images
revealed that droplet local velocity and acceleration (i.e., sessile droplet dynamics prior to detachment from the
substrate) increase with the superficial gas velocity. At the same time, the contact line depinning occurs at a
smaller droplet size for higher superficial gas velocities. This results in a “hill-like” variation of the inertial force
as a function of the convective Weber number, Weconv, causing a local maximum in the inertial force data
(Weconv scales the inertia effects of the shear flow to surface tension effects). For the experimental condition
tested in the current study, the inertial force created in the droplet could reach up to half of the adhesion force, making the drag force
only responsible for the other half to depin the droplet contact line. Even at low superficial gas velocities, which featured lower
droplet oscillations, the inertial force created in the droplet was considerable with respect to the adhesion force, reaching around
one-third of the adhesion force.

■ INTRODUCTION
The behavior of liquid droplets resting on solid surfaces is
relevant to many industrial applications such as spray coating,
distillation, condensation, oil recovery, and biomedical
systems. A special case is when the droplet is under the
influence of a shear gas flow. Examples of applications include
airfoil deicing1−5 and water droplet removal from the gas flow
channel of a proton exchange membrane (PEM) fuel cell.6−8 A
sessile droplet, described as a droplet resting on a substrate,
exposed to a shear gas flow experiences forces from the flow
that try to deform and eventually dislodge it. Competing
against these external forces are the adhesion forces which try
to pin the droplet to the substrate due to surface tension
effects. As long as the forces from the shear gas flow are lower
than the adhesion forces, the droplet remains pinned to the
surface. However, increasing the external forces may disturb
the force balance, resulting in contact line depinning and
removal of the droplet from the substrate. The requirement for
this transition can be described by droplet contact angles, i.e.,
the contact angles that the interfacial profile of the droplet
makes with the substrate and are measured through the droplet
as the denser fluid. A complete depinning of the contact line
occurs when the contact angle downstream of the droplet
exceeds the advancing contact angle and the contact angle
upstream of the droplet becomes smaller than the receding
contact angle. The advancing and receding contact angles are
defined as the highest and lowest metastable apparent contact

angles that the droplet manifests on a substrate, respectively.9

The former can be measured by slowly increasing the volume
of the droplet either by gradually injecting more liquid into the
droplet or by condensation, whereas the latter can be measured
when the volume of the droplet is decreased either by gradually
withdrawing liquid from the droplet with a syringe or by
evaporation. A partial contact line depinning may also occur
when only one of the two contact angles passes their critical
values. This occurs when the downstream contact angle
exceeds the advancing contact angle or when the upstream
contact angle becomes smaller than the receding contact
angle.10

The external forces applied to the droplet from the core gas
flow are in the form of dynamic pressure and shear stress.
Parameters such as the shape of the droplet, flow condition,
and even the geometry of the flow channel contribute to the
relevance of these forces. For instance, when the droplet is very
small or when the gas flow rate is low, the shear stress
dominates the inertial effects. For larger droplets or high gas
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flow rates however, the inertial effects become dominant. The
Reynolds number scales the ratio between these two forces and
can be used to identify the prevailing force applied to the
droplet. The drag force applied from the core gas flow is
proportional to the frontal area of the droplet, Ad, and
correlates the dynamic pressure to the force through the drag
coefficient, CD

=F C A j
1
2drag D d g g

2
(1)

In eq 1, ρg and jg are the density and superficial velocity of
the gas, respectively. The superficial gas velocity is defined as
the bulk velocity of the gas in the flow channel and is obtained
by jg = ∀̇/Ach, where ∀̇ and Ach are the volumetric flow rate of
the shear gas flow and the cross-sectional area of the channel,
respectively. Mechanisms that oppose the removal of a sessile
droplet are contact angle hysteresis and contact line pinning.
The contact angle hysteresis, defined as the difference between
the advancing and receding contact angles, allows the forces
from the core gas flow to distort the droplet without any bulk
motion. It also sets a range of metastable configurations, which
defines the requirement for the disruption of the contact line.
The contact line, which features the coexistence of the three
phases of solid, liquid, and vapor, resists droplet motion by
creating an elastic restoring force through deformation of the
free surfaces without any interfacial relocations. The contact
angle hysteresis and the contact line pinning are related to each
other and together define the droplet pinning force, also
known as the adhesion force. Therefore, the adhesion force is a
function of droplet contact angles, surface tension, and
geometry of the contact line. The force can be obtained by
integrating the surface tension that acts in the direction of the
local contact angle around the three-phase contact line

=F lcos ( )cos ( )d
L

adh
0 (2)

where γ is the surface tension, l( ) defines the distribution of
the normal of the contact line, and l( ) defines the contact
angle along the contact line, as shown in Figure 1. In this

equation, ld runs counterclockwise around the length of the
contact line, , by starting from the contact point downstream
of the contact line, 0. A deformed droplet under the influence
of the shear effect is assumed to demonstrate its maximum
contact angle downstream and minimum contact angle
upstream. When the droplet approaches the critical condition,
defined as the condition upon the depinning of the contact
line, the maximum and minimum contact angles equal the
advancing, θadv, and receding, θrec, contact angle values. This

assumption makes the use of eq 2 much simpler as otherwise
acquiring accurate information about the distribution of l( )
with respect to l( ) would be difficult

F L (cos cos )adh b rec adv (3)

where Lb is the droplet base length, as shown in Figure 1. The
two sides of eq 3 would equal if the distribution of the contact
angle, l( ), across the contact line is reflected in the equation.
Milne and Amirfazli11 did so by incorporating a prefactor into
the correlation

=F k L (cos cos )adh 1 b rec adv (4)

k1(cos θrec − cos θadv) is an (1) parameter that describes the
shape of the contact line and the distribution of the contact
angle along the contact line.12 It is worth mentioning that the
adhesion force described in eq 4 is the only mechanism that
opposes the initiation of droplet motion. Once the droplet
starts sliding on the substrate, the viscous losses within the
droplet add to the forces that oppose droplet motion.
However, viscous forces are not considered in the current
study as the focus is on the initiation of the droplet motion, i.e.,
contact line depinning.

Droplet contact line depinning and transport on solid
substrates under the influence of shearing gas flow has been
studied in the literature.1,4,11−19 For the application of PEM
fuel cells, Zhang et al.6 studied drag-induced droplet removal in
the gas flow channel and obtained a correlation that describes
the size of the droplet upon detachment. The correlation was
obtained by equaling the drag force from the core gas flow and
the adhesion force. A similar analysis was taken by Milne and
Amirfazli11 and Fan et al.14 for a wider range of surface
conditions and fluid properties. Ref 11 concluded that the
critical air velocity required to remove the droplet in a shear
gas flow can best be described by Lb(cos θrec − cos θadv).
Polverino et al.8 studied the dynamics of droplets in shearing
gas flow relevant to the application of PEM fuel cells and
defined the oscillation frequency of growing droplets as a
function of droplet size. They also proposed a model for
droplet detachment size based on superficial gas velocity.
Dimitrakopoulos15 numerically studied droplet dynamics in
shear gas flows by solving the Stokes and continuity equations
and reported that in droplets with initial contact angles greater
than (θrec + θadv)/2, the downstream portion of the contact line
depins first. For droplets with initial contact angles less than
(θrec + θadv)/2, ref 15 reported that depinning first occurs in
the upstream edge of the droplet. Hao and Cheng13 utilized
the multiphase free energy Lattice Boltzmann method and
obtained an analytical solution for droplet velocity moving on a
hydrophobic substrate under the influence of a shear gas flow.
The dynamic contact angles were reported to be linearly
proportional to the droplet capillary number and the viscosity
ratio between gas and liquid. White and Schmucker12 studied
the same problem by adding the gravitational effects when the
substrate is tilted. In their force balance, the gravity force and
the dynamic pressure were in favor of removing the droplet by
competing against the adhesion force. They observed that for
different droplet volumes, droplet depinning on horizontal
surfaces (i.e., in the absence of the gravitation effects) occurs at
a constant Weber number, suggesting that the drag coefficient
is not a strong function of the droplet volume. They also
observed that droplets that detach purely due to gravitational
effects show a more elongated contact line compared to

Figure 1. Interfacial geometry of a sessile droplet and its contact line
with the substrate. The figure shows the surface tension vector γ at
contact angle θ located at the azimuthal angle ϕ. The curvilinear
coordinate along the contact line is shown with .
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droplets that detach due to drag force. An interesting part of
their findings suggests that results from tilted plate experiments
may not be extended to drag-induced droplet removal
scenarios, a conclusion that was drawn by obtaining different
k1(cos θmin − cos θmax) values in eq 4 for wind-dominated and
gravity-only tests. Gravity-induced contact line depinning has
been studied in the literature by other groups through
balancing the gravitational and adhesion forces.20−23 Very
recently, Humayun et al.23 studied contact line depinning on
inclined microstructured superhydrophobic surfaces by meas-
uring contact angle distribution and the shape of the droplet
contact area. They utilized droplet contact angle distribution to
calculate the droplet adhesion force and reported high
accuracy in their results after comparing the calculated
adhesion force to the measured weight of the droplet.
Shedding of multiple sessile droplets deposited adjacent to
each other in a shear gas flow was investigated by Razzaghi et
al.24 It was reported that droplet arrangements and spacing can
influence the interaction between the two phases. These
parameters were also observed to influence the critical
superficial gas velocity. For more viscous shear flows, Dussan25

developed the critical capillary number, which characterizes
droplet displacement, based on the advancing and receding
contact angles. However, the study was structured on the
assumptions of small contact angles, small contact angle
hysteresis, and the lubrication theory.

One mechanism that is less discussed in the literature is
droplet oscillation under the influence of shear gas flow. Some
studies have observed and reported that a sessile droplet
exposed to a shear gas flow undergoes an oscillatory pattern
prior to its removal,4,7,8 but the role of droplet oscillation on
contact line depinning is not investigated. While the cause of
droplet oscillation is not quite clear, it is speculated to be an
indication of the complex interaction between the forces from
the core gas flow and the surface tension effects. Despite its
wide range of applications, shear-flow-induced droplet
oscillation has not been fully explored in experiments.

The current study explores droplet dynamics in shearing gas
flow by employing high-speed imaging of a growing droplet.
Images are analyzed to obtain properties that are required to
describe the dynamics of the droplet. Our analysis indicates
that droplet oscillation in a shear gas flow has an important

role in the process of contact line depinning and should be
accounted for when studying droplet behavior in such systems.

■ EXPERIMENT
Figure 2a shows the schematic of the experimental setup. The
test section allowed side-view visualization of the droplet from
its emergence to its removal from the surface of the channel
under the influence of shearing gas flow. The test section
featured a gas flow channel with a width of 2.9 mm and a
height of 2.8 mm. Dry air was supplied into the channel from
an air bottle, and deionized water was injected into the porous
layer with a syringe pump. Water injection was done through a
stainless capillary with a diameter of 250 μm (IDEX-HS U-
111). Figure 2b shows details of the test section. A carbon
porous layer, similar to the gas diffusion layer used in PEM fuel
cells (Sigracet 29 BA, Fuel Cell Store), was used as the bottom
surface of the channel while the other three walls were made
from polycarbonate material. The microstructure properties of
the porous layer have been extensively studied in the
literature.26,27 The mean pore diameter of the porous layer
was around 25 μm.27 The porous layer was used to ensure
water droplets were formed on a homogeneous surface.9

Without using this porous layer, droplets would form on
stainless steel and polycarbonate surfaces of the injection
capillary and the substrate, respectively. Liquid water passed
through the porous layer and emerged from its surface in the
flow channel. It is important to note that the exact wetting
state of the droplet cannot be determined definitively due to
limitations in the experimental setup. However, considering
the relatively rough surface morphology of the substrate, it may
be reasonable to conclude that the droplet features a partially
wetting state. The apparent contact angle of liquid water
droplets on the porous layer was measured at 151.5 ± 1°. A
pressure transducer was used to measure the pressure drop of
the shearing gas flow across the droplet. The pressure
transducer was selected from three pressure transducers
based on the gas flow rate. The three pressure transducers
used in this study had operating pressure ranges of (i) 0−25 Pa
(Omega, PX653-0.1D5V), (ii) 0−62 Pa (Setra, 264), and (iii)
0−125 Pa (Omega, PX653-0.5D5V). The uncertainty in
pressure drop measurements was between 0.25 and 1%,
depending on the pressure transducer used. A high-speed

Figure 2. (a) Schematic of the experimental setup, (b) details of the test section, and (c) steps of image processing.
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camera (Phantom, VEO 640L) equipped with a macro-lens
(Canon MP-E 65 mm f/2.8) was used to visualize droplet
behavior at 2000 frames per second. An LED light source (GS
Vitec), aligned with the camera and the droplet emergence
location, was placed across the test section. The flow
conditions used in this study are summarized in Table 1.

Subscripts f and g in this table indicate the liquid and gas
phases, respectively. The Reynolds number in this table, Reh =
ρg jgdh/μg, is obtained based on the hydraulic diameter of the
channel, dh = 2.85 mm. Here, μg is the dynamic viscosity of the
gas. The capillary number, Ca = μgjg/γ, scales the ratio of
viscous stress to interfacial stress. The relatively high Reh
values in this table suggest that viscous drag is negligible
compared to the pressure drag (Reh ≫ 1). Likewise, the low
Ca values indicate that viscous stress is negligible compared to
surface tension effects (Ca ≪ 1). Experiments were conducted
at room temperature and at atmospheric pressure. Due to the
short duration of each run, droplet evaporation was assumed to
be negligible. The duration of experiments, defined as the time
interval between droplet emergence to removal from the

surface, ranged between 13.72 s for jg = 10.76 m/s to 27.21 s
for jg = 4.17 m/s.

Figure 2c shows the procedure of image processing for
extracting droplet information from individual images. The
process started by subtracting the background image, which
was captured before the emergence of droplets, from each
image. Images were then binarized and gap-filled to obtain
uniform black and white regions.28 The white pixels above the
substrate in the binarized images were determined as the
droplet. Droplet side-view area, height, base length, and
centroid position were extracted from binary images. The
upstream and downstream contact angles were obtained by
separating the left and right edges of the droplet, respectively.
An elliptical fit was applied to each edge to calculate the
contact angles, as shown in the last image of Figure 2c. In this
figure, the elliptical fit in red defines the upstream contact
angle and the fit in blue defines the downstream contact angle.
The uncertainty in extracting droplets’ dimensions originated
from the conversion from pixel to mm which was calculated to
be ±0.008 mm. The uncertainty in obtaining upstream and
downstream contact angles was ±1.5°.

■ RESULTS AND DISCUSSION
Figure 3 shows the position of the droplet centroid with
respect to the droplet emergence location for each of the
superficial gas velocities tested in this study. The centroid
location, C, is presented for the stream-wise direction, Cx, and
for the perpendicular direction, Cy. The data is presented as a
function of the nondimensional time, t*, defined as

* =t
t

t
lapsed

residence (5)

where tlapsed is the time lapsed from droplet emergence and
tresidence is the time interval between droplet emergence and
detachment from the substrate. Therefore, t* = 0 corresponds
to droplet emergence from the surface of the porous substrate
and t* = 1 corresponds to droplet detachment. Droplet
detachment was not achieved for the first four superficial gas
velocities shown in this figure. Instead, droplets grew large
enough to touch the side walls and spread on them. Droplet
detachment was observed for jg ⩾ 4.17 m/s with tresidence
decreasing as the superficial gas velocity was increased. As a

Table 1. Flow Conditions Tested in This Studya

air flow rate jg Reh Ca

[mL/min] [m/s] [-] [-]

440 0.90 164 2.30 × 10−4

793 1.63 297 4.16 × 10−4

1231 2.53 461 6.45 × 10−4

1603 3.29 600 8.41 × 10−4

2032 4.17 761 1.06 × 10−3

2317 4.76 868 1.21 × 10−3

2447 5.02 917 1.28 × 10−3

2830 5.81 1060 1.48 × 10−3

3220 6.61 1206 1.69 × 10−3

3629 7.45 1360 1.90 × 10−3

4058 8.33 1520 2.12 × 10−3

4423 9.08 1657 2.32 × 10−3

4812 9.88 1803 2.52 × 10−3

5242 10.76 1964 2.75 × 10−3

aThe water flow rate for all runs was 500 μL/h. Consequently, jf =
2.83 × 10−3 m/s and Ref = 7.93 × 10−1 in the injection capillary.

Figure 3. Droplet centroid position with respect to the emergence location.
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result, the critical size of droplets decreased as the superficial
gas velocity increased (liquid water was injected at 500 μL/h in
all runs). This is reflected in Cy values at t* = 1 in Figure 3.
The figure also shows an oscillatory pattern in the centroid
location of droplets. This pattern is more noticeable in Cx
values, suggesting more oscillation in the stream-wise direction.

The oscillatory pattern observed in Figure 3 is further
discussed in Figure 4. Figure 4a shows the droplet stream-wise
centroid location for jg = 9.08 m/s from droplet emergence to
detachment. The figure shows a sudden increase in Cx at the
beginning of the test which indicates that the droplet has
leaned downstream immediately after emergence. This figure
also shows that Cx increases during the experiment while the
droplet is pinned to the substrate. This indicates that the
droplet growth occurs downstream, as the images shown in
Figure 4e confirm. The time lapsed from emergence is shown
on droplet images. The red arrows shown in the first image
indicate the upstream and downstream edges of the droplet.
These arrows are superimposed on the last image. It can be
observed that while the upstream edge of the droplet remains
pinned, the contact line marches in the downstream direction
as the droplet grows in size. Figure 4b shows droplet stream-
wise centroid location for a duration of 250 ms at three
randomly selected time windows from Figure 4a. Figure 4b
shows that as the droplet grows in size, its oscillation frequency
decreases while its amplitude increases. For instance, the
centroid location data for t1 show 37 peaks during 250 ms
while the number of peaks for time window t3 is 12. This
results in an oscillation frequency of ∼150 Hz for t1 and ∼50

Hz for t3. The lower oscillation frequency at a larger droplet
size is due to the fact that the natural frequency of the droplet,
ωn, is inversely proportional to the size of the droplet
according to the Rayleigh correlation ωn ∝ rd

−3/2, where rd is
the droplet radius.29 Likewise, the oscillation amplitude is
directly proportional to the radius of the droplet, rd, that is dx
∝ rdδθ, where δθ is the angular displacement of the droplet
interfacial profile.30 Figure 4c,d shows the upstream (θup) and
the downstream (θdown) contact angles. As expected, Figure 4c
shows that the downstream contact angle increases over time
while the upstream contact angle decreases. Because a
complete contact line depinning was obtained at the end of
the test (t = 17.38 s), the contact angles measured at this time
represent the advancing (θdown = θadv ≈ 140°) and receding
(θup = θrec ≈ 100°) contact angles. The oscillatory motion of
the droplet can also be observed in contact angle data, as
demonstrated in Figure 4d. The figure shows the contact
angles for a 250 ms time interval, starting at t = 9 s. An
interesting observation in this figure is that spikes in θup
coincide with dips in θdown and vice versa, a consequence of
the droplet’s lateral oscillation (or rocking motion) on the
substrate. To visualize droplet oscillation, Figure 4f shows
images of the droplet selected from t3. The time interval
between each two images in this figure is 20 ms. Droplet
oscillation can be noticed by comparing the interfacial profiles
of the droplet to the background grid lines. The interfacial
profile of the droplet is highlighted in blue and red for two
consecutive images. The two profiles are compared in the last
frame by superimposing on top of each other. The distance

Figure 4. (a) Droplet stream-wise centroid location for jg = 9.08 m/s and from emergence to detachment, (b) same data for 250 ms time intervals,
(c) upstream and downstream contact angles, (d) upstream and downstream contact angles for time interval t2, and (e) images of the droplet
during the experiment. The time shown in red is measured from droplet emergence. The red arrows show the upstream and downstream edges of
the droplet at tlapsed = 14.5 ms. (f) Droplet images selected from time window t3 with a 20 ms time interval between each two images. The red
profile is superimposed on the blue profile to show droplet displacement in 20 ms.
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between the two stream-wise centroid locations is around 100
μm in this superimposed image.

Milne and Amirafzli11 defined the critical gas velocity
required to depin the contact line by equaling the drag force
from the core gas flow, eq 1, to the adhesion force, eq 4

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑÑ
=j

k L
A C

2 (cos cos )
g

1 b rec adv

g d D

1/2

(6)

It was discussed in ref 11 that the changes of jg are not linear
with respect to (Lb/A)1/2. This nonlinearity was justified by the
fact that k1/CD is a nonlinear function of (Lb/A)1/2, mainly
because the shape of the droplet changes with its size as gravity
becomes more influential in larger droplets. Instead, authors in
ref 11 reported that the critical gas velocity has an exponential
relationship with (Lb/A)1/2 which can be captured in a semilog
plot. However, our data show a linear relation between jg and
(Lb/A)1/2, as shown in Figure 5. This discrepancy could be due

to the range of droplet size that was used in the two studies.
While droplet volumes used in the current study were between
∼1.0 and ∼2.6 μL, the size of droplets used in ref 11 was
between 0.5 and 100 μL. The wide range of volumes used in
ref 11 can significantly alter the shape of the droplet, which
could result in significant variations in CD values. In addition,
for large droplets used in ref 11, the diameter of the droplet
exceeds the capillary length of water, making the gravitational
effects important. The observation herein promotes the belief

that k1/CD does not significantly change with (Lb/A)1/2 for the
range of the droplet volumes that have been tested in the
current study. It is worth noting that the values of (cos θrec −
cos θadv) in our tests were 0.54 ± 0.12, which is very close to
the 0.543 ± 0.058 value reported by White and Schmucker12

(see Figures S2 and S3 in the Supporting Information for
details).

Droplet local velocity and acceleration can be obtained
based on its centroid location data discussed in Figure 3. The
term “local” is used loosely to indicate droplet’s dynamics prior
to contact line depinning. The droplet’s centroid velocity in
the x direction is obtained by jf,x = dx/dt. Similarly, the
droplet’s centroid acceleration in the x direction is obtained by
af,x = d2x/dt2. For the range of the oscillations observed in this
study, the droplets’ dynamics in the y direction are not large
enough to affect the depinning process. Therefore, the
corresponding velocity and acceleration are not included in
our analysis, and, for the sake of simplicity, the notations of jf,x
and af,x will be replaced with jf and af, respectively, in this
article. Figure 6 shows the stream-wise velocity and
acceleration of the droplet for different superficial gas
velocities. The velocity is positive when droplet displacement
is in the stream-wise direction. Likewise, droplet acceleration is
positive when the droplet accelerates in the stream-wise
direction. The general trend in this figure suggests that the
droplet’s local velocity and acceleration increase with the
superficial gas velocity. The droplet can be modeled as a
spring-mass system with its surface tension behaving as the
spring constant, k. The natural frequency of the system would

be proportional to k m r/ /(8 )d
3 . Therefore, droplets

with a smaller critical size, demonstrate higher natural
frequencies. This causes droplets to manifest relatively stronger
oscillations at higher superficial gas velocities which feature
smaller droplet critical size. Also, a higher superficial gas
velocity tends to further disturb the interfacial geometry of the
droplet by deforming it from the minimum free energy profile.
As the interfacial geometry of the droplet deforms, its surface
area increases, which increases the free energy of the droplet.
In this condition, the surface tension effects try to bring the
droplet back to its initial stable interfacial profile that features
the smallest surface area and the lowest free energy condition.

Figure 5. Critical superficial gas velocity as a function of (Lb/Ad)1/2.

Figure 6. Sessile droplet local velocity and acceleration.
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The restoring force is directly proportional to the surface
tension, which behaves as the driving force for the oscillations,
Fres = −γΔS/dx. Here, ΔS is the change in droplet surface area
and dx is displacement of droplet centroid. Considering that
ΔS ∝ rd

2 and dx ∝ rd, the restoring force becomes proportional
to the radius of the droplet, Fres ∝ rd, and increases with the
size of the droplet. When normalized with the surface area of
the droplet, forces become inversely proportional to the radius
of the droplet, that is Fres/S ∝ 1/rd. Therefore, smaller droplets
experience stronger restoring stresses, resulting in a faster
response to the deformation in the droplet’s interfacial profile.

The dynamics of droplets discussed so far remind us of the
inertial forces that are created within the droplets. Figure 7

shows forces that are applied to a sessile droplet in a shear gas
flow. When the droplet accelerates in x direction, its inertial
force adds to the drag force and the combined effect tries to
overcome the adhesion force. Therefore, the depinning criteria
can be described as

= +F F Fadhesion inertial drag (7)

In this equation, the drag force is the external force applied
to the droplet and the inertial force is the internal force that is
created within the droplet. The inertial force of the droplet can
be obtained by

=F k r ainertial 2 f d
3

f (8)

In this study, the radius of the droplet is approximated as rd
≈ (Ad/π)0.5. Also, the frontal area, Ad, is approximated as the
side-view area. This is because calculating the frontal area
based on the spherical assumption was not possible as the
geometry of droplets, including their size and contact angles
along the contact line, changed from droplet emergence to its
removal. In eq 8, k2 is a coefficient that correlates ρfrd

3 to the
mass of the droplet, that is k2 = 4π/3. Equation 7 can be
written by using eqs 1, 4, and 8

= +k k
r a
L

C
j A

L
(cos cos )

1
21 rec adv 2

f d
3

f

b
D

g g
2

d

b (9)

The first and the second dimensionless ratios on the right-
hand side of this equation can be considered as the local

Weber number, =We
r a
Llocal

f d
3

f

b
, and the convective Weber

number, =We
j A

Lconv
g g

2
d

b
, respectively. The local Weber

number scales the droplet inertial force to the surface tension

force, and the convective Weber number scales the inertial
force of the core gas flow to the surface tension force.
Therefore, eq 9 can be written as

= +k k C(cos cos ) We
1
2

We1 rec dv 2 local D conv (10)

This equation reveals the role of droplet dynamics,
summarized in Welocal, in depinning of the contact line. The
critical convective Weber number can be obtained as

= k
C

k
C

We
/2

(cos cos )
/2

Weconv
1

D
rec adv

2

D
local

(11)

Figure 8 shows critical Weconv as a function of Welocal. The
critical convective Weber numbers were obtained from ρgjg2Ad/

(γLb) by using the critical area and base length of droplets.
Likewise, the critical local Weber numbers were obtained from
ρfrd

3af/(γLb) by using the critical radius, base length, and
acceleration of droplets. The data points in this figure follow
two different patterns, identified by triangle and (black) circle
symbols. For low Welocal, the figure shows that Weconv increases
with the horizontal axis. The low Welocal occurs when droplet
oscillation is low as Welocal is proportional to droplet
acceleration, Welocal ∝ afrd

2 (note that Lb ∝ rd and af changes
faster than rd, as shown in the inset of Figure 8). Therefore, the
main mechanism that induces depinning for the first batch of
data (i.e., triangle data points) is the drag force that is applied
from the core gas flow. In this batch, an increase in the
superficial gas velocity results in an increase in Weconv and
Welocal. The former is because of the direct proportionality
between Weconv and jg2, and the latter is due to the increase in af
with jg, as discussed in Figure 6. This trend continues until the
oscillation in the droplet becomes large enough to make the
second term on the right-hand side of eq 11 important. In this
case, any increase in Welocal reduces Weconv. This indicates that
the inertial force within the droplet contributes to the
depinning process. The data points in the first batch (i.e.,
triangle data points) fall into the drag-dominant depinning
mechanism while both the drag force and droplet inertial force
are responsible for droplet depinning in the second batch (i.e.,
black circle data points) in Figure 8.

The inertial force described in eq 8 can be obtained based
on the product of droplet mass, md, and acceleration, af. The
procedure to obtain droplet acceleration is discussed in Figure

Figure 7. Forces acting on a sessile droplet in a shear gas flow. Due to
droplet’s relatively low oscillation in the y direction, the inertial force
in this direction is assumed to have no impact on the depinning
process. For significantly large oscillation in the y direction, the
inertial force in this direction should be considered.

Figure 8. Critical Weconv as a function of Welocal. Uncertainties in the
data are not presented because the values are smaller than the size of
the data points.
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S1 in the Supporting Information. Additionally, droplet
adhesion force can be obtained from eq 4 by approximating
k1(cos θrec − cos θadv) by ∼0.98 according to ref 12. Figure 9a
shows the two forces of adhesion and droplet inertial as a
function of Weconv upon droplet detachment. As Weconv
increases, the droplet depins at a smaller volume which
translates into a shorter base width, Lb. As a result, the
adhesion force decreases with Weconv. The figure shows that
the inertial force within the droplet first increases and then
decreases with Weconv. This is because as Weconv (or jg)
increases, droplets depin at smaller volumes (lower md) while
they demonstrate higher oscillating accelerations. The opposite
happens as Weconv decreases, that is md increases while af
decreases. This opposite change in md and af as we travel on
either side of the horizontal axis in Figure 9a results in a “hill-
like” pattern in the inertial force data which peaks around the
center of the horizontal axis, at Weconv = 1.42 (corresponding
to jg = 8.33 m/s). An important conclusion from Figure 9a is
that the inertial force that is induced within the droplet can be
over half of the adhesion force for the highest inertial force
data point. Even for low Weconv values, the inertial force is still
considerable with respect to the adhesion force, reaching
around one-third of the adhesion force for the experimental
conditions of this study. The overall conclusion from this
figure suggests that droplet dynamics and its corresponding
inertial force should be accounted for when studying droplet
depinning in shear gas flows, but this mechanism is mainly
neglected in the literature. By subtracting the inertial force
from the adhesion force, the drag force acting on the droplet
can be obtained, as shown in Figure 9b. The figure shows that
the drag force initially decreases with Weconv and then plateaus
at higher Weconv values. For low Weconv values (i.e., low jg
values), the oscillation in the droplet is not strong and
therefore, the aerodynamic force is the main mechanism that
depins the droplet contact line. The droplet’s oscillation
increases as the Weconv increases and as a result, the droplet’s
inertia contributes to the depinning process. For high Weconv
values, although the droplet local acceleration is high, the
droplet inertial force decays. This is because the critical size of
the droplet decreases at higher Weconv. At the same time (and
as discussed before), smaller droplet critical size can be
interpreted as a shorter contact line and smaller adhesion force.
Therefore, for higher values of Weconv, both the adhesion force
and the inertial force decrease, as shown in Figure 9a. This
simultaneous decrease in the adhesion force and the inertial

force leaves the drag force relatively constant at high Welocal
values, as shown in Figure 9b.

The drag force that is obtained by subtracting the droplet
inertial force from the adhesion force (eq 7) can be used to
obtain the drag coefficient based on eq 1. The normalized drag
coefficient, CD*, is shown in the inset of Figure 9b as a function
of Red (where Red = ρgjgdd/μg and dd is the droplet diameter,
dd = 2rd). This property is obtained by normalizing the drag
coefficient for each test with the maximum drag coefficient that
is obtained for the lowest Weconv

* =C
C

CD
D

D,max (12)

The data presented in the inset of Figure 9b show that the
drag coefficient decays with Red as expected from ref 31. Also
included in Figure 9b is the product of the pressure drop
across the droplet and the area of the droplet, ΔP × Ad. It is
reasonable to assume that ΔP × Ad would approximate the
drag force, but our results indicate that the two series of data
points are vastly different. This could be due to the
significantly smaller critical size of droplets compared to the
flow channel geometry. For jg = 4.17 m/s, which featured the
largest droplet critical size, the critical height of the droplet was
1.53 mm which is around half of the channel height. As a
result, ΔP × Ad is not an accurate representation of the drag
force in our experiments.

Earlier, it was demonstrated in Figure 5 that jg changes
linearly with (Lb/Ad)1/2, as predicted by eq 6. Equation 6 was
obtained by equaling the adhesion force and the drag force and
does not include droplet’s inertial force that was later discussed
in the study. Initially, our findings about the role of droplet
inertia on contact line depinning may seem to be in contrast
with the linear relation between jg and (Lb/Ad)1/2 shown in
Figure 5. However, a closer inspection of eq 9 reveals that the
critical gas velocity can be written as the product of two terms
that each depend on the length scale of the droplet. To further
explain this relation, eq 9 is used to obtain the critical
superficial gas velocity

i

k
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y

{
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[ ]
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Figure 9. (a) Droplet pinning and inertial forces based on Welocal, and (b) Fpinning − Finertia for data presented in (a) as a function of Welocal. The
figure also includes ΔP × Ad. Uncertainties in the data are not presented because the values are smaller than the size of the data points.
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The linear variation of jg with (Lb/A)0.5 that was shown in
Figure 5 indicates that jg should be linearly proportional to rd

−0.5

as (Lb/Ad)0.5 ∝ rd
−0.5. This linear relationship is shown in Figure

10a. Our results also show that jg changes (increases) linearly
with the second bracket on the right-hand side of eq 13. This
linear relationship is shown in Figure 10b. In this figure, CD*
values were used instead of CD. Figure 10c shows that the
second bracket on the right-hand side of eq 13 also changes
(increases) linearly with rd

−0.5. It can be concluded from Figure
10a−c that jg should also change (increase) linearly with rd

−1

(or decrease linearly with rd). Figure 10d confirms this
expectation.

In summary, this study analyzed the dynamics of sessile
droplets in shearing gas flows to explore the contact line
depinning process. Our results revealed that droplets undergo
oscillatory patterns, which are speculated to originate from an
interaction between the drag force and the surface tension. The
oscillatory pattern induces an inertial force within the droplet
that is not negligible with respect to the adhesion force. For
low superficial gas velocities, droplet oscillation is minor,
making the drag force the main mechanism that is responsible
for contact line depinning. By increasing the superficial gas
velocity, droplet oscillation increases, making the droplet
inertial more impactful. For the flow conditions used in this
study, droplets gained their maximum inertial force at an
intermediate superficial gas velocity where the product of
droplet mass and local acceleration has reached an optimum
value. For higher superficial gas velocities, the inertial force
decayed even though droplets demonstrated high acceler-
ations. This was because of the smaller md at higher superficial
gas velocities.

Droplet inertia can externally be augmented to actuate
droplets in a desired direction. An interesting method of
actuating droplets in relatively low shearing gas flows is
documented by Allen.32 In this method, acoustic pressure
waves are superimposed on the core gas flow to externally
excite droplets at their natural frequencies. The rocking motion
that is induced in droplets provides enough inertial force to
overcome the contact line pinning force (i.e., the adhesion
forces). This method is reported to significantly enhance water
removal in low shear gas flows relevant to PEM fuel cells.33−35

Some other studies proposed actuating droplets by mechan-
ically vibrating the substrate to overcome the contact angle
hysteresis.36−38 These studies are also similar in concept as
they try to overcome the contact angle hysteresis by utilizing
the droplet body forces.

■ CONCLUSIONS
In this study, the dynamics of sessile droplets in shearing gas
flows and their impact on contact line depinning were

investigated. High-speed imaging of sessile droplets revealed
that droplets undergo an oscillatory pattern prior to being
removed from the substrate. Droplet oscillation creates an
inertial force within the droplet which, depending on the
shearing gas flow condition, may not be negligible with respect
to the droplet adhesion force. When droplet acceleration is in
the stream-wise direction, the inertial force combines with the
drag force and the combined effect competes against the
adhesion force. The inertial force that is induced in the droplet
varies with the shear gas flow condition as the critical mass and
acceleration of droplets vary with the shearing gas flow. The
superficial gas velocities tested in this study were between 0.9
and 10.76 m/s and droplet contact line depinning was
observed for experiments with jg ⩾ 4.17 m/s. For low
superficial gas velocities, droplets demonstrated low oscillatory
patterns which ultimately resulted in low inertial forces within
the droplets. As the superficial gas velocity was increased,
droplets demonstrated greater oscillations, and thus higher
inertial forces. However, this increasing trend in the droplet
inertial force with the superficial gas velocity was not
monotonic. Instead, the droplet inertial force started to
decrease after marking a local maximum.

For an “optimum” shear gas flow condition, the inertial force
can contribute up to half of the adhesion force. In this context,
the optimum shear gas flow condition refers to the flow
condition that featured the greatest ratio between the droplet
inertial force and the adhesion force. This was obtained at jg =
8.33 m/s and marked the local maximum in the inertial force
data when plotted against the convective Weber number
(Figure 9a). For low superficial gas velocities, droplet
acceleration was low, making the drag force the main
contributor to droplet removal. However, even for the lowest
droplet inertial force compared to the adhesion force, the
inertial force was still around one-third of the adhesion force
(see the data points corresponding to the lowest Weconv in
Figure 9a). A model for droplet depinning is introduced which
incorporates the droplet inertial force and the drag force from
the core gas flow. Built into the model are Welocal and Weconv,
which represent the inertial force of the droplet and the inertial
force of the core gas flow, respectively.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c00065.

Variation of af with respect to red (Figure S1); droplet
upstream and downstream contact angle values and
cos θup − cos θdown values for the last 50 ms of droplet
residence on the substrate (Figure S2); values of cos θup
− cos θdown upon droplet detachment; sample video for

Figure 10. (a) Variation of jg with respect to rd
−0.5, (b) variation of jg with respect to λ0.5, (c) variation of λ0.5 with respect to rd

−0.5, and (d) variation
of jg with respect to rd. Here, λ is the square of the second term on the right-hand side of eq 13 and is defined as λ = (k1(cos θrec − cos θadv) −
k2Welocal)/CD*.
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jg = 10.76 m/s; and experimental data (jg, θup,θdown, Ad,
Lb, ΔP, and cos θup − cos θdown) (PDF)
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