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ABSTRACT: This paper describes a method for creating a
topography-based gradient on a metallic surface to help
mitigate problems associated with condensate retention. The
gradient was designed to promote water droplet migration
toward a specified region on the surface which would serve as
the primary conduit for drainage using only the roughness of
the surface to facilitate the movement of the droplets. In this
work, parallel microchannels having a fixed land width but
variable spacing were etched into copper substrates to create a
surface tension gradient along the surface of the copper. The surfaces were fabricated using a 355 nm Nd:YVO4 laser system and
then characterized using spray testing techniques and water droplet (2−10 μL) injection via microsyringe. The distances that
individual droplets traveled on the gradient surface were also measured using a goniometer and CCD camera and were found to
be between 0.5 and 1.5 mm for surfaces in a horizontal orientation. Droplet movement was spontaneous and did not require the
use of chemical coatings. The theoretical design and construction of surface tension gradients were also explored in this work by
calculating the minimum gradient needed for droplet movement on a horizontal surface using Wenzel’s model of wetting. The
results of this study suggest that microstructural patterning could be used to help reduce condensate retention on metallic fins
such as those used in heat exchangers in heating, ventilation, air-conditioning, and refrigeration (HVAC&R) applications.

■ INTRODUCTION

Heat exchangers are important to the overall efficiency, cost,
and compactness of many thermal management systems
including solar heating applications and heating, ventilation,
air-conditioning, and refrigeration (HVAC&R) systems.
According to a recent Department of Energy study, the
heating, cooling, and lighting of residential and commercial
buildings accounted for approximately 18% of the United
States’ total energy consumption in 2009.1 Naturally then,
increasing the efficiency of the heat exchangers used in these
systems is extremely desirable because of the tremendous
potential for cost savings and reduction in pollution. Current
heat exchanger designs, however, make extensive use of copper
and aluminum which are naturally hydrophilic. Because of this
intrinsic property, water condenses and adheres to these
surfaces in the form of water droplets when the system is
operating below the dew point temperature. Once a condensate
droplet forms on the surface, it continues to grow and coalesce
with other droplets until gravitational, capillary, or air-flow
forces are able to remove it. This retention of condensate is
often problematic because it can reduce the overall thermal
performance of the unit by occupying heat transfer surface area
and increasing the core pressure drop. In addition, the retained
condensate provides a site for biological activity which may
cause odors and can adversely affect human comfort if it is
blown off the heat exchanger and carried downstream into the
occupied space. Therefore, it is important to understand how

condensate is retained on the heat-transfer surface and how
surface tension gradients might assist in facilitating its drainage
and removal.
The most common approach to reducing water retention is

the use of chemical coatings to decrease the wettability of the
surface. While this would certainly increase water drainage on
these surfaces, a homogenously coated surface would also
permit (even facilitate) condensate carryover into the occupied
space. In HVAC&R applications, controlling the direction of
condensate movement on the surface is often as important as
the physical removal of those droplets. Therefore, a surface with
a patterned anisotropic wettability may be preferred since
droplet motion can be restricted to one directionnamely,
downward with gravity. For example, previous work by
Sommers and Jacobi2 demonstrated that aluminum surfaces
with anisotropic microscale topographical features can be used
to manipulate the critical droplet size and affect the overall
wettability. Furthermore, if a gradient exists on the surface, then
a net surface tension force is produced that tries to move the
droplet in the direction of the gradient. This could then be used
to help move water droplets to a desired location on the fin
surface. Adding both the effects of an anisotropic wettability
and a surface tension gradient could lead to a significant
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reduction in the overall retention of water on heat exchangers
used in HVAC&R systems.
One of the earliest works involving surface tension gradients

was by Chaudhury and Whitesides who were able to induce the
upward motion of small water drops (1−2 μL) on surfaces
containing a gradient tilted from the horizontal plane by 15°.3

The surface energy gradient was created on silicon using a
diffusion-controlled process adapted from ref 4 involving silane
vapor. Low contact angle hysteresis (≤10°) was reported as a
necessary condition for droplet motion. Daniel et al. later
observed the movement of water droplets on a surface with a
radial surface tension gradient in which droplets displayed
velocities of 0.15−1.5 m/s.5 The authors reported that this
increase in velocity (over earlier studies) was due to the
coalescence of droplets and suggested that this had implications
for enhancing heat transfer in heat exchangers. In Daniel and
Chaudhury, velocities in the range of 1−2 mm/s were
measured and found to scale nearly linearly with the droplet
radius.6 In each case, chemical modification of the surface was
both needed and used in creating the gradient. Shastry et al.
described a rough superhydrophobic surface (produced in
silicon) with a contact angle gradient accomplished by varying
the dimensions and spacing of square micropillars over a
distance of 4 to 8 mm.7 Droplets were propelled down these
gradients by mechanical vibration using energy supplied by a
speaker. Based on these findings, the surface contact area
fraction φ was suggested as a control variable for droplet
manipulation. These findings also suggest that wettability
gradients (based solely in topographical variation) might be
used to facilitate drainage and/or control condensate
distribution on the surface prior to the start of frost growth.
Several other recent publications (refs 8−23) have been
published on the topic.
While the study and application of surface tension gradients

is relatively new, most published studies have involved ideal
surfaces such as silicon and almost all have been chemistry-
based. Furthermore, relatively few papers have documented the
application of surface tension gradients on metallic substrates
such as aluminum and copper. Moreover, the authors are not
aware of any paper that has sought to specifically use
topographical modification alone (without the aid of chemical
coatings) to create a surface tension gradient capable of
controlling water droplet motion. It is important to note that,
in the systems motivating this work, chemical coatings tend to
break down over time due to the thermal cycling and large
temperature gradients experienced in these systems. Thus, the
goal of this work was to create a surface tension gradient that
was capable of moving small water droplets on a metallic
substrate using only the systematic variation of the underlying
surface topography. The engineering value of this research rests
in both its robustness and its direct application in
dehumidification and air-cooling systems for the control of
condensate on heat transfer surfaces.

■ BACKGROUND AND EXPERIMENTAL
METHODOLOGY

The objective of this research was to use the natural anisotropy of a
microgrooved surface to create a robust surface tension gradient for
water droplet movement by systematically varying the width of the
grooves. Water droplet behavior on these surfaces was then studied
using a Rame-́Hart goniometer and a charge coupled device (CCD)
camera to record droplet travel distance. In the following sections, the
minimum gradient force needed for droplet motion is discussed as well
as the surface fabrication procedure and experimental setup.

Surface Tension Modeling. If we take a water droplet on a
horizontal surface, the net surface tension force along any direction is
zero. However, if we create a surface tension gradient, then the
contributions from the opposite ends of the droplet (i.e., along the
gradient direction) will not completely cancel out. This results in a net
surface-tension-gradient force that tries to move the droplet in the
direction of the gradient (i.e., in the x-direction). Perhaps more
importantly, this surface-tension-gradient force could be used to
potentially facilitate the removal of small droplets from a surface and/
or droplet movement on a flat horizontal surface.

So how strong of a gradient would be needed to move a droplet on
a horizontal surface? To begin, let us consider a simple circular droplet
that is deformed due to the existence of an underlying gradient. If the
gradient was not present, this droplet would exist as a spherical cap as
shown in Figure 1. Now let us consider a simple case where the local
contact angle of a droplet on a horizontal surface does vary from one
end of the droplet to the other due to the presence of a gradient (see
Figure 2) such that
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The surface tension force associated with this droplet deformation can
be calculated using the equation:
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Substituting x = R(1 − cos ϕ) into this expression and integrating
yields
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Figure 1. Schematic of a droplet on a (a) homogeneous surface and
(b) a surface with an underlying gradient.
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If the variation of the contact angle is linear, then ψ = (cos θmin − cos
θmax)/D. In this case, the surface tension force equation simplifies to

π γ θ θ= −F D
8
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So how does this compare to published expressions for the surface
tension force on a surface? According to El Sherbini,24 the surface
tension force on a homogeneous surface can be represented as

π
γ θ θ* = −F D

24
[cos cos ]s 3 rec adv (9)

In the case where the droplet is moving (i.e., θmax = θadv and θmin =
θrec), then these two expressions yield nearly the same value.
Moreover, the leading coefficient in these expressions (referred to as
the retentive force factor, k) depends on the shape of the droplet base
contour as well as the variation of the contact angle. Various values for
k have been suggested.25−27 This simple analysis, however, shows that,
for a droplet to move on a flat surface, it must be able to overcome the
contact angle hysteresis (i.e., θadv − θrec).

Design of a Topography-Based Surface Tension Gradient. If
the goal of the gradient is to facilitate the movement and growth of
water droplets on a metallic surface during condensation, then
Wenzel’s model of wetting (which can be applied when θ < 90°) is
probably the most appropriate for describing the water droplet
behavior.28 In Wenzel’s model, the new apparent contact angle θ* is
related to the original contact angle θ through a roughness factor r
such that

θ θ* = rcos cos (10)

where r is the area fraction of the liquid/solid contact (i.e., wetted area
over the projected area) as shown in Figure 3. (Note: In this model, r
≥ 1.)
Now, let us consider a small circular droplet sitting atop a horizontal

surface patterned with a surface wettability gradient and assume that
half of the droplet is characterized by the contact angle θ1 and half of

the droplet is characterized by the angle θ2 to simplify the analysis (see
Figure 4). This approach has been used by others including
Dimitrakopoulos and Higdon.29 Using Wenzel’s model then to predict
the new contact angles (i.e., θ1*and θ1*), we can write the surface
tension force on a microstructured (or, microstriped) gradient surface
as
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Let us further assume that the surface tension gradient varies linearly
such that
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Here, if Fs ≠ 0, then the droplet should move on the horizontal
surface. Therefore, the minimum surface tension gradient necessary for
droplet movement on a flat surface is found by setting Fs equal to zero
and solving for dr/dx which results in
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If the droplet is moving, then the expression can be rewritten as
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where θadv and θrec are the advancing and receding contact angles of
the surface, respectively. (Note: The advancing and receding contact
angles are key measurements that characterize the hydrophobicity/
hydrophilicity of a surface.30−33) A few observations can be gleaned
from this expression. First, the surface tension gradient necessary for
droplet movement on a flat surface scales directly with the contact
angle hysteresis. In other words, the larger the underlying hysteresis is,
the larger the gradient needs to be to overcome it. Second, the
gradient is proportional to the initial roughness factor, ro. Larger
gradients are needed in cases of large initial roughness factors. Third,

Figure 2. Two possible linear surface tension gradient designs (single gradient pattern shown). In the double gradient design (not shown), both
widths are systematically varied.

Figure 3. Schematic illustrating the application of Wenzel’s model to a
wetting droplet.
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the surface tension gradient is inversely proportional to the droplet
radius, R. This is because as the droplet radius increases, there is more
distance for the contact angle to change. Thus, the necessary rate of
change of the roughness factor (and hence the surface tension
gradient) gets smaller as the droplet size gets larger. Finally, the
gradient is smaller on surfaces with large advancing contact angles and
larger on surfaces with small receding contact angles. In other words,
droplets are more likely to move on surfaces with large advancing
angles, whereas droplets are less likely to move on surfaces having
small receding contact angles as shown in Table 1.
In Table 1, the gradient values, dr/dx, necessary for spontaneous

droplet motion on a horizontal surface are calculated for a droplet
radius of 2 mm and an initial surface roughness parameter ro = 1.4. It is
important to note that if the underlying surface is naturally wetting

(i.e., θ < 90°), positive dr/dx values are calculated. This is because
capillarity is the primary mechanism for droplet motion which requires
increasing r values (i.e., deeper channels) for the increased wicking of
the fluid. In principle, r could be increased indefinitely; however,
manufacturing practices would likely limit the maximum depth of the
channels. Furthermore, as liquid begins to fill the channels during
droplet travel, there would be less and less liquid available for the
filling of subsequent channels. According to this model, for θadv = 80°,
θrec = 20° (i.e., large hysteresis), and ro = 1.4, the rate of change of the
roughness parameter required for droplet motion (i.e., dr/dx) is 4.95
mm−1 as shown in Figure 5a; whereas for θadv = 80° and θrec = 70°
(i.e., small hysteresis), the required rate of change of the roughness
parameter is only 0.50 mm−1. In other words, when the hysteresis
force is small, the surface tension gradient can be more gradual.

Figure 4. Possible contact angle variation due to an underlying surface tension gradient where the Wenzel roughness parameter, r, is varied in a
prescribed manner across the surface.

Figure 5. (a) Hydrophilic surface (i.e., θadv < 90°). Required gradient values, dr/dx, necessary for spontaneous droplet motion on a horizontal
surface for R = 2 mm and ro = 1.4. (b) Hydrophobic surface (i.e., θadv > 90°). Required gradient values, dr/dx, necessary for spontaneous droplet
motion on a horizontal surface for R = 2 mm and ro = 1.4.

Table 1. Calculated Surface Tension Gradient Values, dr/dx, for ro = 1.4 and R = 2 mm (units: mm−1)

θrec

θadv 20° 30° 40° 50° 60° 70° 80° 90° 100° 110° 120°

80° 4.949 3.904 2.848 1.909 1.127 0.498 0
120° −0.921 −0.887 −0.838 −0.776 −0.700 −0.610 −0.507 −0.392 −0.267 −0.135 0
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If the underlying surface is naturally nonwetting (i.e., θ > 90°), then
negative dr/dx values are calculated. This is because in order for
nonwetting droplets to move from regions of high hydrophobicity to
regions of increasing hydrophilicity, the r value must be decreasing. In
this case, however, there is a natural, self-occurring limit to the design
of such gradient surfaces. The value of r can only be decreased down
to unity (i.e., smooth surface without any channels). For example, for
R = 2 mm and ro = 1.4 with θadv = 120° and θrec = 20° (i.e., large
hysteresis), the droplet travel distance is theoretically limited to 0.435
mm; whereas for θadv =120° and θrec = 110° (i.e., small hysteresis), the
theoretical distance that the droplet should travel increases to 2.96 mm
as shown below in Figure 5b. As might be expected, the surface
hydrophobicity has a large effect on the predicted travel distance. If the
advancing and receding contact angles are increased to θadv = 150° and
θrec = 140° (i.e., same hysteresis) while holding all other parameters
constant (i.e., R = 2 mm and ro = 1.4), then the theoretical droplet
travel distance increases to 7.90 mm, an increase of more than 4.9 mm.
Figure 6 illustrates how the required gradient values, dr/dx, change

with the initial roughness of the surface and the contact angle
hysteresis. For hydrophilic surfaces, Figure 6a shows the required rate
of change of the gradient for spontaneous droplet motion on a surface
where R = 2 mm and θadv =80°. This figure shows that the dr/dx value
increases with both increasing ro (i.e., increased initial roughness) and
increasing contact angle hysteresis (i.e., θadv − θrec). Of these two
parameters, the effect of the contact angle hysteresis is the most
pronounced. (That is, for surfaces with a large contact angle hysteresis,
large gradient values are required for droplet motion.) For
hydrophobic surfaces, Figure 6b shows the required gradient value
for spontaneous droplet motion on a surface where R = 2 mm and θadv
=120°. Like before, the magnitude of the dr/dx value increases with
both increasing ro (i.e., increased initial roughness) and increasing
contact angle hysteresis (i.e., θadv − θrec). It is also interesting to note
when comparing Figure 6a and b that the absolute magnitude of dr/dx
is always consistently larger for the hydrophilic surface than the
hydrophobic surface as might be expected. In other words, achieving
spontaneous droplet motion on a hydrophilic surface is more difficult
than on a hydrophobic surface.

Surface Preparation. Microsized, parallel channels of variable
width and a depth of 100 μm were laser-etched into a copper plate to
form a test region 19.05 mm by 19.05 mm (0.75 in. by 0.75 in.) in size.
The channel land had a fixed width of approximately 15 μm; however,
the spacing between channels was varied gradually from 15 to 300 μm
as shown in Figure 7. In this case, the initial roughness parameter ro
equaled 7.667, and the final roughness parameter rfinal equaled 1.635.

Since the roughness parameter r was varied systematically along the
surface, the dr/dx value for this surface is approximately −0.32 mm−1

as shown below where

= −r xd /d (1.635 7.667)/19.05 mm (16)

The etching was performed by a company in Dayton, OH using a 355
nm Nd:YVO4 laser system. Copper was chosen because it is naturally
hydrophilic and is the material of choice in many heat and mass
transfer applications. Prior to etching, the plates were first cleaned with
acetone and isopropyl alcohol and dried using a stream of nitrogen gas.
It is important to note however that no chemical modification of the
surface was performed. A scanning electron microscopy (SEM) image
of the final etched surface is shown in Figure 8.

Experimental Apparatus and Instrumentation. The apparent
contact angles, base dimensions, and overall travel distances of
droplets were obtained using a Rame-́Hart goniometer in combination
with an overhead high-resolution CCD camera attached to a tripod.
Droplets were placed on the surface using a high-precision
microsyringe and photographed. Standard imaging software (KAPPA
ImageBase) was then used to determine the exact initial droplet
location on the gradient surface and the distance traveled with respect
to a fixed edge using a before and after image of the droplet. Distance
was determined by pixel counting and by initially calibrating against a
known distance (i.e., standard). Both the front side and back side of a
droplet were used to track the droplet’s position on the gradient
surface. Droplets 4−10 μL in size were examined. Typical uncertainty

Figure 6. (a) Effect of the initial surface roughness parameter on the dr/dx value for (a) a hydrophilic surface and (b) a hydrophobic surface.

Figure 7. Surface tension gradient pattern (i.e., fixed land width,
variable spacing).
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in the droplet travel distance was 5−6% with the maximum uncertainty
not exceeding 12%, while the average uncertainty in the measured
contact angle was 1°−2°.

■ RESULTS AND DISCUSSION
During experimentation, the laser-etched sample exhibited
regions of clear hydrophobicity and regions of hydrophilicity.
As designed and as expected, regions of narrow channel spacing
were hydrophobic, and regions of wide channel spacing were
hydrophilic. Perhaps more notably, droplets injected on the
surface were observed to consistently follow the direction of the
gradient as shown in Figure 9. Droplet movement was
repeatable and spontaneous. A few other observations are
worth mentioning. First, travel distances of 0.5−1.5 mm were
measured (see Figure 10). Both the front and back of the
droplet were observed to move; however, the front (or
advancing) side of the droplet traveled on average slightly
farther than the back (or receding) side of the droplet. In fact,

in a few cases, droplet movement was only observed on the
advancing side of the droplet. There was also no discernible
correlation between the distance that the droplet traveled and
its initial position on the gradient. In other words, the initial
location of the droplet on the gradient did not play a significant
role in the overall total distance traveled. This is likely because
the droplets were all placed at nearly the same location on the
surface.
Second, these measured distances agreed reasonably well

with initial predictions made using the theoretical model
presented in this work. Although it was not possible to
accurately measure the advancing and receding angles on the
laser-etched copper surface, one can infer approximate values
from recorded images of droplets moving on the surface.
(Note: Droplet movement was too rapid to permit accurate
measurement of these angles. Moreover, on a gradient surface
that is by nature nonhomogeneous, contact angles are location-
dependent further complicating efforts to accurately measure
their values.) Nonetheless, for θadv = 150° (estimated) and θrec
= 130° (assumed) with R = 2 mm and ro = 7.667 (as reported
earlier) which represents the roughness parameter on the far
side of the gradient, the predicted travel distance is 0.659 mm.
If receding angles of θrec = 120° and 140° are used instead and
the other parameters are held constant, the theoretical travel
distances become 0.411 and 1.443 mm, respectively. Thus,
considering the uncertainty in these values, reasonable
agreement was observed.
Third, spontaneous droplet movement was observed on the

x−y plane (see Figure 2) in both horizontal and inclined
surface orientations. Repeatable droplet movement was
observed for surface inclination angles up to 5.7°; however,
droplets were observed on occasion to move uphill for surface
inclination angles up to 11°. (Note: For the purpose of this
study, repeatable droplet movement was defined as a 90% or
greater observation rate.) Fourth, it should be reemphasized
that this spontaneous droplet motion was accomplished
without the aid of surface chemistry modification. (That is,
no chemical coating was used in this work.) Instead, it was
solely accomplished by modifying the surface topography in
such a way as to create a preferential wetting direction on the
surface. This is particularly noteworthy since surface coatings
can (and often do) wear off in application.
Qualitative tests were also performed to assess the ability of

the surface tension gradient to direct water to prescribed
drainage paths on the surface. For these tests, a laboratory
squirt bottle was used to douse the lower portion of the surface
(which contained the gradient) with water, and video (see the
Supporting Information) was then recorded of the water’s
ensuing drainage characteristics. It was clear from these tests
that the draining water followed clear paths along the surface
which coincided with the hydrophilic end region of the
gradient. As shown in Figure 11, the water drained readily along
these paths as it sought to avoid contact with the hydrophobic
region of the gradient. In fact, if the water was initially located
near the top of the patterned surface, it would even move up
and over one of these hydrophobic regions in order to drain
down the preferred hydrophilic “gutter” region to the bottom
of the surface. Again, it should be noted that this was
accomplished without the aid of any chemical coating.

■ CONCLUSIONS
This paper presents a novel method for creating a topography-
based surface tension gradient on a metallic surface for the

Figure 8. SEM image of the laser-etched microgrooved copper surface.

Figure 9. (a) Example of droplet movement with the gradient
following injection on the surface. (b) Photograph illustrating the
repeatability of this droplet motion.
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purpose of facilitating water droplet movement in preferred and
prescribed directions along the surface. More specifically, in this
work, parallel microchannels having a fixed land width but
variable spacing were laser-etched into copper substrates to
create a surface tension gradient on the surface. The surfaces
were fabricated using a 355 nm Nd:YVO4 laser system and
then characterized using spray testing techniques and water
droplet (2−10 μL) injection via microsyringe. The distances
that individual droplets traveled on the gradient surface were
measured using a goniometer and CCD camera and found to
be between 0.5 and 1.5 mm for the horizontal orientation.
Droplet movement was spontaneous and did not require the
use of chemical coatings.
A theoretical model was also presented which enables the

minimum gradient (i.e., dr/dx) needed for spontaneous droplet
movement on a horizontal surface to be calculated using
Wenzel’s model of wetting. The model which requires four
inputs (i.e., droplet radius, advancing angle, receding angle, and
surface roughness parameter) can be used to design and
construct a topography-based surface tension gradient that
utilizes parallel microchannels of variable spacing. The results of

this study suggest that microstructural patterning could be used
to help reduce condensate retention on metallic fins such as
those used in heat exchangers in HVAC&R applications.
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■ NOMENCLATURE
D droplet diameter (mm)
F force (mN)
g acceleration due to gravity (m s−2)
k retentive force factor (−)
m droplet mass (mg)
r roughness factor (−)
R droplet radius (mm)
t time (s)
V droplet volume (μL)
w channel width/spacing (μm)
x, y, z coordinate axes
Greek Symbols
α surface inclination angle (°)

Figure 10. Droplet travel distances on the single gradient surface. Both the front and back side locations of the droplet are noted.

Figure 11. Water drainage behavior for the single gradient copper
surface. The water was observed to consistently follow paths on the
surface favored by the gradient. (Note: The laser etched regions
appear dark in this image. A close-up view of these regions can be seen
in Figure 9b.)
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δ channel depth (μm)
ϕ azimuthal angle (°)
γ surface tension (N m−1)
θ apparent contact angle (°)
ψ surface gradient parameter (mm−1)
ζ droplet base contour radius (mm)

Subscripts
adv advancing
rec receding
min minimum
max maximum
o initial
s surface tension
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