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Dislodging a sessile drop by a high-Reynolds-number shear flow at subfreezing temperatures
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The drop, exposed to an air flow parallel to the substrate, starts to dislodge when the air velocity reaches some
threshold value, which depends on the substrate wetting properties and drop volume. In this study the critical
air velocity is measured for different drop volumes, on substrates of various wettabilities. The substrate initial
temperatures varied between the normal room temperature (24.5 ◦C) and subfreezing temperatures (−5 ◦C and
−1 ◦C). The physics of the drop did not change at the subfreezing temperatures of the substrates, which clearly
indicates that the drop does not freeze and remains liquid for a relatively long time. During this time solidification
is not initiated, neither by the air flow nor by mechanical disturbances. An approximate theoretical model is
proposed that allows estimation of the aerodynamic forces acting on the sessile drop. The model is valid for the
case when the drop height is of the same order as the thickness of the viscous boundary in the airflow, but the
inertial effects are still dominant. Such a situation, relevant to many practical applications, was never modeled
before. The theoretical predictions for the critical velocity of drop dislodging agree well with the experimental
data for both room temperature and lower temperatures of the substrates.
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I. INTRODUCTION

Drop motion on a surface is a subject of research for its
practical and fundamental importance with regard to many
applications: processing industry (e.g., distillation, water man-
agement in fuel cells, spray coating, and condensation) [1,2],
oil recovery [3–6], cleaning [7], biological applications [8],
soiling of vehicles [9], and the avoidance of airframe ic-
ing [10,11].

A sessile drop, exposed to an air cross-flow, initially
deforms under the action of the aerodynamic stresses. If the
aerodynamic force applied to the drop is high enough, the
drop starts to move along the substrate. Various parameters
may significantly influence the critical conditions for the
incipient or lateral motion of a sessile drop, e.g., viscosity
of the liquid [5,12] and the volume of the drop, wettability of
the substrate (namely the equilibrium contact angle and the
hysteresis), and surface morphology [3,12–14].

Prediction of drop deformation and motion is not a trivial
three-dimensional problem, which involves a description of
motion and pinning of a contact line. Numerical computation
of this phenomenon is a rather challenging task [15–22], which
usually requires significant CPU resources.

Theoretical models are often based on the force balance,
where the estimation of the force produced by the external flow
is a most complicated part. Several sophisticated theoretical
models have been developed for drop behavior in a shear
creeping flow [23,24] or in a uniform inviscid flow disturbed
by a drop [25].

In many practical applications, related, for example, to the
water management in the car industry or to the airframe icing,
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the sessile drops are deposited in a near-wall viscous boundary
layer produced by a high-velocity air flow. The Reynolds
number in such a flow can be rather high. No existing theory
or empirical correlation is able to predict a critical velocity of
dislodging of a drop of a given volume on a substrate with
given wetting. We have checked all the existing models but
they usually fail to predict even a correct order of magnitude
for this velocity.

The main subject of the present study is a development of
an approximate model, which is able to predict the critical air
velocity, associated with the incipient motion of a sessile drop
on substrates at normal room temperatures and subfreezing
temperatures.

II. EXPERIMENTAL METHOD

Experiments for dislodging of a sessile water drop at
ambient and subfreezing temperatures were conducted in a
wind tunnel producing a uniform air flow. The water drop was
placed on the surface of the sample, 3.7 cm downstream from
the leading edge of the surface. A high-speed camera was used
to capture the side view images of the drop. Substrates of dif-
ferent wettabilities—hydrophobic, superhydrophobic (SHS),
and hydrophilic—were investigated. The average downstream
�down and upstream �up contact angles (defined Fig. 1) for all
surfaces under airflow conditions are listed in Table I. Drops
placed on the cold substrate (T = −1 ◦C and T = −5 ◦C)
had an initial temperature of Tdrop ≈ 0.5 ◦C. Experiments with
different volumes of distilled water drops ranging from 5 to
100 μl were carried out. The height of the water drop range
between 1.8 mm (5 μl on PMMA) and 4 mm (100 μl on SHS).

The airflow in the wind channel was gradually increased
from zero till the moment at which drop started its motion.
Figure 2 shows the results of drop dislodging tests on various
substrates at room temperature, T = 24.5 ◦C, and at subfreez-
ing substrate temperature T = −5 ◦C. The experimentally
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FIG. 1. Side view on a sessile drop, slightly deformed by an air
flow.

obtained critical air velocity for incipient motion, Ucrit,
increases as the drop volume, V , decreases. The critical air
velocity for the system of water with hydrophilic substrates,
i.e., PMMA, are higher than hydro- or superhydrophobic
surfaces.

When a drop is placed on a cold substrate, an expanding
thermal boundary layer is initiated in both wall and liquid
regions. The thickness of the thermal boundary layer in water
drop is hthermal ∼ 2

√
αt , where α is the thermal diffusivity.

The value of thermal diffusivity for distilled water at low
temperatures is α ∼ 10−7 m2/s. The cooling duration of a
millimetric drop, estimated by the moment when the boundary
layer thickness is equal to the drop height, is therefore ap-
proximately 2–3 s. At longer time the drop temperature can be
assumed uniform and equal to the contact temperature [26,27],
which is rather close to the initial temperature of a metal wall,
whose thermal effusivity is much higher than that of water.

In the experiments the sessile drops cooled to the sub-
freezing temperatures remain liquid during a relatively long
period of time, of the order of minutes (in any case much
longer than the typical cooling duration). Neither airflow
nor mechanical disturbances by a clean thermocouple trigger
solidification. The delay of the solidification of a supercooled
drop is determined by the drop size, substrate temperature,
morphology, and wettability [28–35].

The delay of solidification explains a relatively weak
influence of the temperature on the critical velocity, which
can be concluded from the comparison of the results shown in
Fig. 2. The main factor responsible for some increase of the

TABLE I. Downstream and upstream water contact angles at
various substrate temperatures.

Surface T ( ◦C) �down (◦) �up (◦) cos �up − cos �down

PMMA 24.5 88.4 ± 1.6 70.5 ± 5.8 0.31
PMMA −1 88.8 ± 3.6 69.2 ± 1.1 0.33
PMMA −5 88.4 ± 2.2 61.6 ± 1.6 0.45
Teflon 24.5 117.4 ± 0.6 107.8 ± 0.9 0.15
Teflon −1 118.4 ± 1.1 108 ± 1.2 0.17
Teflon −5 116.7 ± 6.1 96.1 ± 7.1 0.34
SHS 24.5 153.3 ± 2.5 147.1 ± 3.3 0.054
SHS −1 151.7 ± 2.5 123.6 ± 25 0.33
SHS −5 148.0 ± 17.8 121.0 ± 5.9 0.33
PDMS 24.5 94.2 ± 5 64 ± 3.2 0.51
PDMS −1 94.4 ± 2.1 61.2 ± 4.1 0.56
PDMS −5 100.1 ± 7.5 61.6 ± 6.4 0.65

FIG. 2. (Color online) Critical air velocity for drop dislodging,
Ucrit, as a function of the drop volume V , measured at the ambient
temperature T = 24.5 ◦C and at the subfreezing substrate temperature
T = −5 ◦C. Lines are added for clarity.

critical velocity at subfreezing temperatures is the dependence
of the substrates’ wettability on temperature [36], Table I.

III. ESTIMATION OF THE FORCES APPLIED TO THE
DROP

The critical air velocity is determined by a balance of the
aerodynamic forces applied to the drop and the lateral adhesion
force. The expression for the lateral adhesion force is well-
known,

Fadh = wγ (cos �up − cos �down), (1)

where w is the drop width, and γ is the surface tension.
Equation (1) is based on the assumption that the contact
line consists of four segments: two segments, dewetting and
wetting with the contact angles �up and �down, and two straight
segments parallel to the drop motion, where the contact angle
is not defined [37]. Equation (1) has been recently confirmed
by direct measurements of the lateral adhesion force [38].

One of the parameters determining the aerodynamic force
applied to a sessile drop is the ratio of the drop height to
the thickness of the near-wall viscous boundary layer in the
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air flow. If this ratio is much higher than unity, the effect of
the boundary layer can be neglected and the flow around the
drop can be approximated by a potential flow with separation,
defined by the viscosity [25]. The drag force is defined mainly
by the air velocity and drop geometry.

A different situation arises if the height of the drop is of the
same order or much smaller than the thickness of the boundary
layer. The thickness of the laminar boundary layer can be
estimated from the Blasius solution, δ ≈ 5

√
νx/Ua , where

x is the distance downstream from the start of the boundary
layer, and Ua is the velocity of the unperturbed air flow far
from the wall. In our experiments the distance is x = 3.7 cm.
The thickness of the boundary layer at the room temperature
ranges between 1.4 mm (at Ua = 8 m/s) and 2.5 mm (at Ua =
2.5 m/s). These values are of the same order of magnitude as
the height of the drops used in the experiments. In this case
the governing parameter is not the air velocity but the velocity
gradient in the viscous boundary layer, dU/dZ, in the direction
normal to the surface (i.e., Z). If the inertial forces in the air
flow are negligibly small, the drag force is governed by the
viscosity and is estimated as Fvisc ∼ μV 2/3dU/dZ [24]. If
the inertial forces are dominant, the aerodynamic force can be
scaled by Finert ∼ ρ(dU/dZ)2V 4/3.

Since the velocity gradient in the laminar boundary layer
can be estimated from the Blasius solution [39] as

dU

dZ
≈ 0.332

√
U 3

a

νx
, (2)

the corresponding Reynolds number, defined as the ratio of the
inertia dominant and viscous forces (Re ≡ Finert/Fvisc) is

Re = V 2/3

ν

dU

dZ
= 0.332

V 2/3

ν3/2

U
3/2
a

x1/2
. (3)

Substitution of known material properties and geometrical
parameters of our experiment in Eq. (3) allows to estimate the
Reynolds number Re ∼ 103. The case of inertia dominated
aerodynamic force in a viscous boundary layer, applied to
a sessile drop, has not been considered yet in the literature
despite its high relevance to many practical applications.

Let us consider an asymptotic case (�down −
�up)/�down � 1. This assumption is not satisfied for
all the substrates (for example, (�down − �up)/�down ≈ 0.3
for PDMS). Nevertheless, it helps to roughly estimate the
typical length scales of a sessile drop and typical forces
applied to it.

If the size of the drop is smaller than the capillary
length, the shape of the drop can be approximated well by
a truncated sphere. The wetting characteristics between liquid
and substrate are represented here by the average static contact
angle, � ≡ (�up + �down)/2. It is assumed that the volume of
the drop V and the static contact angle of the sessile drop �

are given. Thus, a geometrical analysis provides the height H ,
the radius of the base area R, and the frontal projected area of
the truncated sphere A, respectively, as follows:

H =
[

6V sin2 �
2

π (2 + cos �)

]1/3

, R = H cot
�

2
, (4)

A = H 2 � − sin � cos �

(1 − cos �)2
. (5)

The characteristic velocity of the air around the drop u can
be roughly estimated as u ≈ H/2(dU/dZ). The pressure at
the drop free surface, estimated from the stationary Bernoulli
equation, is p ≈ ρu2/2. An approximate expression for the
aerodynamic force is obtained with the help of the relation
Eq. (2) in the form

Faero ≈ ρ

(
dU

dZ

)2
H 2A

8
. (6)

A drop starts to move when the aerodynamic force reaches
the value of the lateral adhesion force. This condition yields
the following expression for the critical velocity gradient,
estimated by equating the forces defined in Eqs. (1) and (6)
and approximating the drop width as w ≈ 2R:

(
dU

dZ

)
crit

= 4

[
Rγ

ρH 2A
(cos �up − cos �down)

]1/2

, (7)

i.e., the critical air velocity in the channel, Ua = Ucrit,
corresponding to the initiation of the drop dislodging, is

Ucrit = 5.25

[
γ ν

ρ

Rx

H 2A
(cos �up − cos �down)

]1/3

, (8)

which is obtained with the help of Eq. (2).

IV. RESULTS AND DISCUSSION

The expression for the critical velocity gradient Eq. (7) is
obtained from the rough estimations of the aerodynamic force
at high Reynolds numbers. Nevertheless, as shown in Fig. 3,
this expression predicts quantitatively rather well the existing
experimental data from Ref. [40] for the critical velocity
gradient corresponding to the incipient motion of Pristane and
Squalane drops in a water shear flow. One “bad” point in the
graph corresponds to relatively small Reynolds number, for
which the viscous forces in the surrounding flow, not accounted
for in the present estimation, become significant.

It can be shown that for the same operational parameters
and the same substrate properties the critical velocity Ucrit is

FIG. 3. Critical velocity gradient for drop dislodging as a function
of the drop diameter, Dp . The experimental data from Ref. [40] in
comparison with the theoretical predictions Eq. (7).
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FIG. 4. (Color online) Critical air velocity for drop dislodging,
Ucrit, as a function of the drop volume, V . The experimental data
from Refs. [13,14] in comparison with the fit Ucrit ∼ V −1/3.

proportional to V −1/3. This relation is confirmed in Fig. 4
by the comparison of the fit Ucrit ∼ V −1/3 with the existing
experimental data from Refs. [13,14].

As shown in Fig. 5, our rough prediction for the critical
velocity expressed in Eq. (8) agrees excellently with the
experimental data. The reason for such good agreement lies
in the correct choice of the main factors determining the

FIG. 5. (Color online) Comparison of the measured critical ve-
locity for drop dislodging Ucrit,exp, measured in this study, with the
theoretical prediction Ucrit,theory by Eq. (8).

aerodynamic force, namely the inertia based on the velocity
gradient in the viscous boundary layer of the outer air flow.
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