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Evaporation of line droplets on a substrate: Energy Minimization Method
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ABSTRACT: Line droplets are sessile droplets with finite length and width. The drops can be represented
by assuming two spherical caps at each end and a rectangular part in the middle. This study examines
the behavior of the contact line of line droplets with different shapes and aspect ratios as they evaporate.
We suggest a new method using the different solid-gas interfacial tensions for dry vs. a previously wet
substrate to determine the shape of the droplet during evaporation. The pinning of the contact line of line
droplets leads to the outward evaporation-induced flow toward the contact line as previously described
for spherical and infinite cylindrical droplets. During the evaporation of these droplets on a surface, it
is observed that the contact line at the droplet ends recedes at higher contact angles than droplets with a
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circular footprint. Furthermore, we find the local evaporation rate at the surface of the droplet and study
the internal flow generated as a result of evaporation. The outward flow velocity toward the ends along

the droplet is higher compared to the flow velocity toward the sides.
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Phase Change
Contact Line

Surface Tension

1- Introduction

Droplet evaporation on surfaces occurs in everyday life
and various applications, with most studies focusing on
evaporation in air, where vapor transport follows a diffusion-
controlled model. However, in a pure vapor environment,
kinetic theory governs evaporation [1]. The droplet shape
during evaporation depends on whether the contact area,
contact angle, or both remain constant [2]. Evaporation
also induces internal flow due to surface tension forces or
Marangoni effects, influencing particle deposition, such as in
the “coffee ring” effect [3].

While extensive research has been conducted on point-
like droplets, studies on the evaporation of linear droplets
remain limited. Cylindrical droplets with different aspect
ratios have been investigated using micron-scale techniques
[7] and inkjet printing [8]. Experimental studies indicate that
evaporation dynamics depend on droplet shape, size, and
spacing. The evaporation rate of peripheral linear droplets
with high aspect ratios exceeds that of isolated droplets in the
absence of Marangoni flow, whereas in its presence, peripheral
droplets evaporate more slowly than central ones [9]. Unlike
point-like droplets, linear droplets can exhibit both pinned
and free contact lines simultaneously, adding complexity to
the evaporation process. Prior studies have analyzed potential
flow and Stokes flow in elongated cylindrical droplets with
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various contact line conditions [10—12].

Most studies assume infinitely long cylindrical droplets,
overlooking the role of their ends, where high evaporation
rates cause significant shrinkage. This study develops an
energy-based model that considers contact line variations
along both the lateral sides and ends of linear droplets,
providing a three-dimensional solution for evaporation rate
distribution and velocity fields.

2- Methodology

This study first develops a model that describes the
droplet’s geometry during evaporation, including contact
line behavior, using an energy minimization approach. Based
on the droplet’s geometry for the remaining fluid volume,
the evaporation rate distribution is then determined under
a quasi-steady regime and diffusion-controlled conditions.
Finally, the evaporation-induced flow inside the linear droplet
is approximated using the potential flow assumption. The
evaporation process is assumed to be diffusion-controlled,
meaning that vapor transport around the droplet is the primary
factor governing the evaporation rate. This assumption aligns
with environmental conditions and quasi-steady evaporation
on surfaces and has yielded reliable results in previous studies
[1,2]. The internal flow field is computed using the potential
flow assumption, which is particularly valid when there
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Fig. 1. Line droplet from (a) side-view and (b) top-view

are no significant temperature or viscosity gradients within
the droplet. Prior studies have shown that potential flow
models provide reliable results for spherical and cylindrical
droplets, offering a simpler alternative to more complex
Navier-Stokes-based models [3,4]. Additionally, the droplet’s
surface properties, such as interfacial tensions, are assumed
to remain constant during evaporation. Under the assumption
that internal flow occurs on a much shorter timescale
than evaporation [13], the droplet shape is determined by
minimizing surface energy for a given volume [14,15].

The droplet’s contact line is assumed to move through
three distinct stages. In the fully pinned stage, the droplet’s
footprint remains fixed while the contact angle decreases. In
the partially pinned stage, both the contact angle and droplet
length decrease, but the droplet width remains unchanged
until the length disappears. In the fully free stage, the contact
angle remains constant, and the droplet width decreases.
When a linear droplet is printed on a surface, the contact
angle @ is considered uniform at all points. The linear droplet
consists of a cylindrical central section of length L and two
spherical caps with an initial radius R at each end, as shown in
Figure 1. Similar to spherical droplets, at any arbitrary point
where L/R > 1, the geometry of the linear droplet leads to
a non-uniform evaporation rate across its surface. For non-
axisymmetric geometries such as linear droplets, this results
in complex contact line behavior at different locations around
the droplet, which is closely linked to the intricate internal
flow dynamics.

3- Results and Discussion

Our results show that the pinned contact line of linear
droplets induces an outward evaporation-driven flow toward
the contact line, as previously described for infinite cylindrical
and spherical droplets in earlier studies [13,11]. However, for
linear droplets with an aspect ratio of L/ R > 1, evaporation
at the two ends is significantly higher than at the droplet’s
center. A higher evaporation rate implies a greater tendency
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Fig. 2. The outward velocity vectors across the droplet
at (a) the zy plane and (b) zx plane. Cross sections are
taken at the middle of the droplet.

for fluid to move toward these regions. Consequently, the
outward flow velocity toward the droplet’s ends is higher
than the lateral flow velocity, as illustrated in Figure 2.
However, this flow does not necessarily compensate for
the high evaporation rate. Figure 2 demonstrates that at the
droplet’s ends, the contact line retracts at a much higher
contact angle than that of spherical droplets. This increased
receding contact angle occurs while the droplet’s width
remains constant, but its length decreases. For droplets with
higher aspect ratios, the contact angle at which the two ends
start to retract is greater, resulting in a shorter fully pinned
contact line stage. Therefore, the stronger outward flow
toward the droplet’s ends contrasts with the faster retraction
of linear droplets.

Additionally, we can conclude that the contact angle at
which the two spherical end caps merge (i.e., when L = 0
and the droplet footprint becomes circular) corresponds to
the receding contact angle of a point-like droplet. This result
is independent of the droplet’s initial shape and equilibrium
contact angle. This finding aligns well with our model’s
initial assumptions and shows good agreement with previous
experimental results on spherical droplets [14].

4- Conclusion

In this paper, a new method is presented for studying
the evaporation of linear droplets with different shapes and
length-to-width ratios. The use of a general method that
minimizes the surface tension energies allows for the study
of more complex shapes. This method enables the decoupling
of evaporation, fluid momentum, and contact line equations,
making it applicable to any desired droplet shape. Our
results show that during the evaporation of linear droplets,
while the fluid momentum and evaporation equations are
essentially similar to those of spherical droplets adhering to a
surface, the complex behavior of the contact line in different
regions of the droplet influences the flow field resulting from
evaporation inside the droplet.
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Table 1. A review of the different models used in droplet evaporation
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Fig. 1. Line droplet from (a) side-view and (b) top-view
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Fig. 2. Length L and contact angle of a line droplet with the initial aspect ratio of =~ =10 and R, =1 mm
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droplet with an initial aspect ratio of =~ =10 and R, =1 mm
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Fig. 8. The contact angle versus the aspect ratio for the fully and partially pinned stages of the evaporation. The rela-
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Fig. 10. Schematic representation of an asymmetric droplet in the study by Kui et al [18]
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