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ABSTRACT: This study experimentally investigates the oscillatory dynamics of wind-driven droplets using high-speed
imaging to capture droplet profiles within the symmetry plane and to characterize their natural oscillation frequencies.
Results reveal that the eigenfrequencies vary spatially due to distinct oscillation modes occurring at different droplet
locations. Notably, the fundamental eigenfrequency decreases with reducing droplet volume, while droplet viscosity
exerts minimal influence on this frequency. Prior to the onset of motion, the dynamic contact angle consistently
remains between the advancing and receding angles. The inertial forces generated by droplet oscillation are found to
be significantly greater than the adhesion forces, indicating that classical static models are inadequate for capturing
inertial contributions to droplet motion. These findings offer new insights into the role of oscillatory behavior in
influencing the dynamics of droplet motion, and contribute to a more detailed understanding of wind-driven droplet
transport phenomena.

KEYWORDS: Droplet oscillation; droplet motion; dynamic contact angle; inertial force

1 Introduction
Supercooled water droplets on aircraft wings are a critical factor in icing phenomena, posing significant

hazards to aviation safety. During icing, supercooled droplets impact and freeze on surfaces, while unfrozen
droplets migrate as films, rivulets, or discrete droplets—particularly on superhydrophobic surfaces [1]. The
movement of these droplets represents a fundamental fluid mechanics challenge, with implications for
industrial applications such as heat exchanger efficiency [2] and aircraft anti-/de-deicing [3]. Under high-
Reynolds-number (high-Re) airflow, droplet dynamics become highly complex due to the coupling between
droplet oscillation and unsteady wake vortices (Re > 120) [4].

Investigating high-Re droplet dynamics remains challenging, with only limited studies addressing the
problem. To simplify analysis, Dussan [5] applied lubrication theory, finding that critical wind speed scales
linearly with surface tension and inversely with viscosity. However, this approach is restricted to droplets
with small contact angles and low hysteresis, resembling liquid films rather than true droplets. Durbin [6]
extended this model by incorporating flow separation effects, though still under similar limitations. Ding
and Spelt [7] numerically studied shear-driven droplets with 90○ contact angles but were constrained to
Re < 250 due to flow unsteadiness. Zhang et al. [8] experimentally observed that droplets exhibit rhythmic
oscillations before incipient motion, generating inertial forces comparable to adhesion forces, suggesting a
strong influence on mobility [9], suggesting a strong influence on mobility.
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The oscillation dynamics of wind-driven droplets have been partially characterized. Noblin et al. [10]
modeled droplet oscillation as capillary standing waves, predicting frequency proportional to the inverse
square root of droplet volume (∝V−1/2), (where V is droplet volume), later confirmed by Milne et al. [11].
Sharp et al. [12] validated Noblin’s theory across wettability gradients, while Chiba et al. [13] developed a
Laplace-equation-based model to describe oscillation modes. Milne et al. [11] further identified multimodal
oscillations, where the zeroth mode (axisymmetric) and first mode (non-axisymmetric) dominate in the
absence of gravity. However, these models fail to predict viscosity-dependent damping effects on amplitude.
However, these models fail to predict viscosity-dependent damping effects on amplitude [14], limiting their
applicability to mobility analysis.

Despite its presumed importance, droplet oscillation has rarely been directly linked to mobility.
Milne and Amirfazli [15] derived a scaling law relating critical wind speed to droplet geometry (arc
length × projected area), while Fan et al. [16] found that viscosity primarily affects mobility via contact
angle modification—contrasting with Stokes flow, where critical speed scales linearly with viscosity. Roisman
et al. [17] extended static analysis to subfreezing conditions, and Barwari et al. [18] and Chahine et al. [19]
correlated critical Re with Laplace and Weber numbers across viscosity ranges. However, these approaches
neglect transient oscillation effects.

Oscillation also modifies near-droplet flow fields, potentially influencing mobility. Burgman et al. [14]
observed synchronization between vortex shedding and droplet oscillation, suggesting coherent interactions.
While some attribute oscillation to vortex forcing [16], its self-excited nature remains unconfirmed. Zhang
et al. [3] used particle image velocimetry (PIV) to show that oscillation negligibly affects aerodynamic
drag but enhances flow reattachment—a phenomenon lacking clear physical explanation. The unresolved
interplay between oscillation, vortex dynamics, and mobility underscores the need for further investigation.

Despite investigations in the fields of droplet mobility and oscillation, whether droplet oscillation
precedes the shedding of wind-driven droplets is not completely understood. Several studies hypothesized
that substantial droplet oscillation precedes the depinning of droplet contact line by adding inertial force
to the droplet [9]. However, the hypothesis lacks experimental support. Previous studies have also rarely
investigated the dynamic contact angle, which is crucial for droplet adhesion. The influences of oscillation on
droplet mobility need to be provided insights to bridge the knowledge gap between droplet oscillation and
mobility. In this way, the present study experimentally explores the effect of wind speed, droplet volume and
viscosity on the oscillation characteristics of wind-driven droplets. The experimental setup will be described
first. After analyzing the frequencies of droplet oscillation, the experimental results will be presented. Finally,
the results will be used to demonstrate the underlying physics pertinent to the influences of droplet oscillation
on droplet mobility.

2 Experimental Method

2.1 Measurement of Droplet Height and Centroid Position
Experiments were performed in a wind tunnel, with a test section of 0.60 m (L, Length in the vertical

direction) × 0.15 m (W, Width in the spanwise direction) × 0.15 m (H, Height in the vertical direction).
The turbulence intensity in the test section was below 1%, as measured by a time-resolved particle image
velocimetry (TR-PIV) system. A polymethyl methacrylate (PMMA) plate of dimensions 0.40 m (L) ×
0.10 m (W)× 0.01 m (H), was mounted on the substrate on the test section to generate high-quality boundary
layer flows. Droplets were placed on the 100 mm from the leading edge at the center of the plate to match
the experimental conditions in [14]. Deionized water was used to generate 20 μL droplets by a micropipette,
which had a precision of 0.1 μL. The droplet profile was recorded by a high-resolution camera (2560 × 1920
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pixels, the droplet image see Fig. 1a) to study the oscillation characteristics of wind-driven droplets. The
measurement frequency was set at 1000 Hz, which is at least 10 times greater than the oscillation frequency
measured by Zhang et al. [8]. A high measurement frequency allows for capturing more detailed oscillation
characteristics, such as oscillation frequency, mode and amplitude.

Figure 1: (a) An example of droplet image; (b) Schematic diagrams of the experimental setup used to measure droplet
oscillation at different locations (l1, l2, l3 and mass center, C)

Due to different oscillation modes, the characteristics of droplet oscillation may vary with changes in
position [11]. Therefore, the height variation at the front (l1 in Fig. 1b), middle (l2) and rear (l3) of wind-
driven droplets, as well as centroid displacement (C in Fig. 1b) were measured following the method of Zhang
et al. [8]. After subtracting the background image, images were binarized to obtain uniform black and white
regions. The white pixels in the binarized images were determined as the droplet to calculate the centroid
displacement (ξ) and droplet height.

Droplet centroid acceleration can be determined from the variation of centroid position over time. The
centroid acceleration in the x direction (along the wind direction) is given by a = d2 ξ/dt2. The inertial force
was then calculated using Eq. (1).

Fine = m d2 ξ
dt2 (1)

2.2 Measurement of Droplet Viscosities
Water-glycerin mixtures were used in the present study due to their similar surface tension and signif-

icant difference in viscosity. The similar surface tension results in only a slight difference in droplet shape.
The viscosity of water-glycerin mixtures was measured with a precise viscometer (DVNext, BrookField,
Middleboro, MA, USA). The static contact angle, advancing contact angle and receding contact angle of the
droplets (see Table 1) were characterized by a droplet shape analyzer (DSA25, Kruss, Hamburg, Germany)
with a measurement uncertainty of 0.5○. The measurements were repeated 5 times to reduce the uncertainty.

Table 1: The summary of experimental conditions

Case No. Volume
(μL)

Static contact
angle (○)

Receding
angle (○)

Advancing
angle (○)

Liquid Viscosity
(cp)

Wind speed
(m/s)

1 20
64 77 41

Water 1 6.1

Water 1 8.62 20
3 100 Water 1 7.3
4 20 62 73 36 60%

Glycerin
22 8.6
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2.3 Measurement of Dynamic Contact Angles
The primary parameters of interest in the present study include the dynamic contact angles at the front

edge (θfront) and the rear edge (θrear), centroid displacement, oscillation-induced inertial force and adhesion
force. The measurement accuracy was established by measuring these parameters of a sessile droplet without
wind, since the results were a priori. The measurement of θfront and θrear follows the method of Bateni et al.
[20], using a third-order polynomial with 150 pixels to fit the curve. θfront and θrear could be accurately
measured with an uncertainty within 0.5○.

The critical wind speed (U∞), beyond which either the front edge or the rear edge of droplets begins
to move on the plate, was determined using a high-resolution camera. The verge of shedding was defined as
the point where droplets have no displacement at either the front edge or the rear edge.

2.4 Experimental Conditions
Experimental cases and physical conditions were summarized in Table 1. The selection of experimental

conditions was designed to effectively elucidate the underlying physics by which viscosity, wind speed, and
volume influence droplet oscillation dynamics.

3 Results and Discussion

3.1 Droplet Oscillation Frequencies
To further elucidate the characteristics of droplet oscillation, the time signal at l1–l3 and centroid is

analyzed by Fast Fourier Transformation (FFT). Fig. 2a shows the frequency spectra of velocity fluctuation
under different wind speeds. The amplitude in Fig. 2a was normalized by the square root of the number
of data points. Droplet oscillation exhibits multiple frequencies, with the oscillation frequency varying at
different locations (i.e., l1, l2, l3 and centroid). Fig. 2a,b shows the frequency spectra of wind-driven droplets
at various wind speeds and locations. Fig. 2a,b illustrates that the wind speed has a negligible effect on the
oscillation frequencies, which was also observed by Burgmann et al. [14]. The primary and secondary peaks
in the frequency spectra are summarized in Fig. 2. It was found that at l2 (near droplet apex), the primary
frequency (66 ± 1 Hz) of droplet oscillation matches the vortex shedding frequency. In contrast, at l1 and l3,
the primary and secondary frequencies (32± 2 and 64± 4 Hz) differ from those at l2. The frequency spectrum
of the droplet centroid agrees well with that at l1 and l3. Zhang et al. [8] also observed this phenomenon, but
the underlying physics remains unclear.

Figure 2: Droplet oscillation frequency of droplets under different wind speeds: a 20 μL water droplet in airflows of
(a) 8.6 m/s and (b) 6.1 m/s
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The present study hypothesizes that the variation in oscillation frequency at different locations results
from different oscillation modes. Droplet oscillation is multimodal. Typical oscillation modes include the
first axisymmetric mode, the first non-axisymmetric mode and another non-axisymmetric mode observed
in the oscillation of wind-driven droplets [11]. Sharp et al. [12] stated that droplet oscillation can be regarded
as the propagation of standing waves along the droplet surface with different wavelengths. Since the contact
line is pinned, the arc length of droplets should be an integer multiple of half the wavelength, i.e., l = nλ/2
where l, n, λ are the arc length, integer number, and wavelength, respectively. Therefore, when n is even, l2
is near the node point, making the oscillation difficult to detect. In contrast, the oscillation is obvious at l1
and l3, where the wave is at its peak or valley. If n is an odd number, l2 is at the wave peak or valley, where
oscillation amplitude is high, allowing the frequency peak to be identified. This hypothesis is validated by our
experimental results shown in Fig. 3, where the oscillation frequency is classified based on different modes.
The characteristic frequency of different modes can be estimated using Eq. (1), where m and f ’(θ) are droplet
mass and an undetermined function of the contact angle, respectively [12]. At l2, only odd modes (the 3rd
and 5th modes) are observed, while at l1 and l3, both even and odd modes could be observed since l1 and l3
are located between the wave nodes.

Figure 3: (a) The oscillation frequency and (b) the normalized frequency of cases 1–4 (droplets on the PMMA surface
with wind speeds from 4.7 to 8.6 m/s)

fn =
π
2
( n3γ

24m
f ′ (θ))

1/2

(2)

Eq. (2) shows that the oscillation frequency is proportional to n3/2, so the frequencies in Fig. 3a are
normalized by n3/2 shown in Fig. 3b. The normalized frequencies cluster around 13 Hz with a standard
deviation of 1.5 Hz, demonstrating the good accuracy of the scaling law of fn ∝ n3/2. This also confirms the
effectiveness of mode classification presented in Fig. 3a and validates our hypothesis that different oscillation
modes result in various frequencies at different locations on wind-driven droplets.

According to the finding of Burgmann et al. [14], the frequency of vortex shedding matches closely
with the primary frequency at l2, indicating the coherence between flow and droplet oscillation. The
corresponding Strouhal number (St) and Re were calculated with the droplet diameter and the wind speed.
St and Re vary from 0.046 to 0.084 and 2072 to 2922, in the cases 1–2, respectively. Comparing these
results with previous studies poses challenges due to the absence of any known research conducted within
the same Re and St range and under comparable conditions [14]. However, it is noteworthy that St of the
present study falls within a range where aeroelastic effects, such as galloping, might occur: St = 0.05 [21].
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By integrating the results of St, it was found that droplet oscillation could be self-excited arising from the
coherence between droplets and airflows under the influence of the aeroelastic effect. This new insight into
droplet-flow coherence may help in understanding the incipient motion of wind-driven droplets.

Fig. 4 shows the flow characteristics in the wake of wind-driven droplets with different volumes and
viscosities. Eq. (2) shows that as the increase of droplet mass, the oscillation frequency of wind-driven
droplets is reduced, resulting in a reduction of the vortex shedding frequency, which is validated by the
experimental results shown in Fig. 4a. The oscillation frequency is proportional to the reciprocal of the
square root of drop volume ( f ∝

√
1/V ). This relationship has been validated by previous studies [8,11,12]. A

comparison between Figs. 2a and 4a reveals that while increasing viscosity reduces the oscillation amplitude
of water droplets, it has negligible effect on the oscillation frequency.

Figure 4: Droplet oscillation frequency of droplets under different conditions: (a) a 100 μL water droplet in an airflow
of 7.3 m/s; (b) a 20 μL viscous droplet in an airflow of 8.6 m/s

3.2 Influence of Droplet Oscillation on Inertial Force
In previous studies, the balance between time-averaged adhesion force and time-averaged aerodynamic

drag serves as the criterion for assessing droplet mobility. However, this criterion is not comprehensive,
as both time-averaged adhesion force and time-averaged aerodynamic drag are complex, and the effects
of droplet oscillation have not yet been considered. Mortazavi et al. [9] added the peak of inertial force
into the force balance of wind-driven sessile droplets, which introduces the impact of droplet oscillation on
droplet mobility. However, this approach is incomplete, as it conflates the static analysis of time-averaged
aerodynamic drag and time-averaged adhesion force with the dynamic analysis of peak inertial force.

Fig. 5 shows that time-averaged inertial force is almost zero, so it should not be considered as analyzing
the time-averaged force balance over wind-driven droplets, which is counterintuitive. Furthermore, peak
inertial force could be significantly greater than adhesion force, especially for low-viscosity droplets at
the verge of shedding (see Fig. 5a,b), which violates the principle of force balance. Therefore, wind-driven
droplets should be analyzed within a dynamic system rather than as a system reaching the equilibrium.

Fig. 5c shows that inertial force of larger droplets is significantly lower than that of smaller droplets
since larger droplets require a lower wind speed to initiate motion so the oscillation is slower. Although
oscillation is slower for larger droplets, their deformation leads to greater fluctuations in adhesion force,
which may precede droplet motion since intense fluctuations in adhesion force could cause the adhesion
force to exceed the maximum value that a sessile droplet can withstand. Due to the larger damping force,
droplets with a higher viscosity exhibit a smaller oscillation amplitude and experience lower inertial force
and less fluctuations in adhesion force.
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Figure 5: Inertial force and adhesion force evolutions of droplets with different experimental conditions: (a) a 20 μL
water droplet under the wind speed of 8.6 m/s; (b) a 20 μL water droplet under the wind speed of 6.1 m/s; (c) a 100 μL
water droplet under the wind speed of 7.3 m/s; (d) a 20 μL droplet with a viscosity of 22 cp under the wind speed of
8.6 m/s

Fig. 5d shows that for low-viscosity droplet, the inertial force could be significantly higher than the
adhesion force, suggesting that the inertial force may precede droplet motion. This hypothesis appears to be
valid since the critical wind speed of water droplets (i.e., 8.6 m/s) is indeed lower than that of glycerin droplets
(i.e., 11.2 m/s), and the surface tension are highly similar. However, this statement should be approached with
caution since aerodynamic drag and damping force in the dynamic system remain unclear.

3.3 Instantaneous Dynamic Contact Angles
Analyzing droplet mobility based on force balance is challenging because establishing accurate models

for the forces involved is difficult. Determining whether the dynamic contact angle at the rear part (θrear, see
the inset in Fig. 6b) of an oscillating droplet exceeds the advancing contact angle is an important and direct
criterion for assessing droplet mobility [9]. Fig. 6 shows that before incipient motion, θrear indeed does not
reach the advancing contact angle. Fig. 6a,b shows that as approaching the critical wind speed beyond which
droplets start to move, θrear consistently less than the advancing contact angle. Fig. 6c,d shows that wind-
driven droplets with different volumes and viscosities also have the dynamic contact angles smaller than
the advancing contact angle, which partially corroborates this hypothesis for wind-driven droplets on the
PMMA surface. It was found that as wind speed increases, the fluctuation of θrear becomes more significant.
This facilitates the likelihood that θrear exceeds the advancing contact angle and promotes droplet motion.
In Fig. 6a,c, a larger droplet has a larger fluctuation in θrear, leading to a more intensified fluctuation of
adhesion force, which facilitates droplet incipient motion. Due to high damping force, θrear of high-viscosity
droplets has little fluctuations.



1608 Fluid Dyn Mater Process. 2025;21(7)

Figure 6: The dynamic contact angles (see the inset in (b)) at the rear and front part of droplets with different
experimental conditions: (a) a 20 μL water droplet under the wind speed of 8.6 m/s; (b) a 20 μL water droplet under the
wind speed of 6.1 m/s; (c) a 100 μL water droplet under the wind speed of 7.3 m/s; (d) a 20 μL droplet with an viscosity of
22 cp under the wind speed of 8.6 m/s. The red dotted line indicates the advancing contact angle. The black dash-dotted
line indicates the receding contact angle

However, predicting droplet mobility cannot solely rely on the dynamic contact angle. Although the
dynamic contact angle is approaching the advancing contact angle before incipient motion occurs, it may
not reach the advancing contact angle when incipient motion occurs due to the complex internal flow and
pressure field. Therefore, formulating a comprehensive criterion that integrates the forces involved and the
dynamic contact angle presents an effective approach for evaluating droplet mobility.

4 Conclusions
A series of experiments was conducted to investigate the oscillation dynamics of wind-driven droplets

by measuring the characteristics of droplet oscillation using the high-speed imaging technique. The effects
of droplet volume, viscosity and wind speed on the characteristics of droplet oscillation were explored.

The primary eigenfrequency keeps constant regardless of wind speed, and the Strouhal number falls
in the range of galloping. These phenomena indicate that the oscillation of wind-driven droplets could
be self-excited rather than the vortex-induced hypothesized in previous studies. Due to the existence of
multiple vibrational modes, different positions on the droplet exhibit different oscillation frequencies. The
primary eigenfrequency of droplet oscillation shows an inverse dependence on volume while demonstrating
negligible sensitivity to viscous effects. Prior to the incipient motion, the dynamic contact angle remains
bounded between the advancing and receding angles, suggesting that exceeding this angular range may
initiate droplet motion. The inertial force significantly exceeds the adhesion force, rendering traditional static
analysis methods inadequate for studying droplet oscillations. This necessitates the establishment of dynamic
models to thoroughly investigate the impact of droplet oscillations on motion characteristics.
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