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Air-flow induced water droplet movement on micro-patterned aluminum surfaces consisting of parallel
grooves tens of microns in width and depth is considered, and a simple model for calculating the critical
air flow force for water droplet departure from vertical surfaces is presented. This model which considers
the combined effect of the gravitational, surface tension, and air flow forces on the droplet was found to
provide reasonably accurate agreement with experimental data for water droplets 1–25 lL in size. In this
method, the user must specify the advancing and receding contact angles of the surface, droplet volume,
and micro-channel width and depth (if applicable). When applied to surfaces of varying wettability, the
model was shown to calculate the actual critical air velocity to within 15.2% for 89% of the droplet vol-
umes analyzed. For surfaces with parallel micro-channels aligned vertically with gravity and no surface
coating, the critical air velocity for water droplet departure was found to be more than 180% higher than
the baseline surface (i.e. no micro-channels or coating)—a behavior that was also observed experimen-
tally. Moreover, for micro-grooved samples with a PDMS coating, the required air velocity for movement
across the channels was 1.0–1.2 m/s larger than the air velocity required for movement along the chan-
nels and only slightly lower than the baseline case. These results suggest that topographically-modified,
anisotropic surfaces may be useful in air cooling applications where both heat and mass transfer occur
and where the surface micro-channels are aligned parallel to gravity to not only assist in condensate
drainage but to also resist the carryover of condensate into the occupied space.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The effective removal of water droplets from heat transfer sur-
faces is important to the overall performance of air-conditioning
and refrigeration systems. In air-cooling applications, condensate
retention on the heat transfer surface is problematic because it
can reduce the air-side heat transfer by occupying heat transfer sur-
face area and increasing the core pressure drop. In addition, the re-
tained 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 creating an unwanted fog. Once a condensate droplet forms
on the fin surface, it continues to grow and coalesce with other
droplets until gravitational, capillary, or air flow forces remove it.
Therefore, it is important to understand how condensate is retained
on the heat-transfer surface and how these forces affect the critical
air flow force required for condensate blow-off and removal. While
the effects of condensate retention on air-side heat transfer are
ll rights reserved.
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generally well-known, there are relatively few papers which at-
tempt to predict the onset of droplet departure from a vertical sur-
face under the combined effects of gravitational and air flow forces.
Moreover, while several papers describe the role and interaction of
forces on retained droplets, the authors are not aware of any paper
that seeks to specifically address this interaction on topographi-
cally-modified, micro-grooved surfaces—the focus of this work.
Thus, understanding the shape and size of a water droplet adhered
to a surface and accurately calculating the magnitude of the air flow
force are the keys to predicting the onset of condensate droplet
departure from a vertical heat transfer surface.

The objective of this work was to devise a method for predicting
the critical air velocity for water droplet departure from a vertical
surface using only a few simple parameters that can be easily mea-
sured—advancing and receding contact angles, droplet volume, and
in the case of micro-grooved surfaces, the width and depth of the
micro-channels. Thus, the engineering value of this research rests
in its direct application to the modeling and control of condensate
on heat transfer surfaces used in dehumidification and air-cooling
systems. This work also provided a better understanding of the
anisotropic wettability of a highly controlled surface microstruc-
ture which might facilitate new surface designs with improved
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Nomenclature

A cross-sectional area (mm2)
CD drag coefficient
D droplet major diameter (mm)
g acceleration due to gravity (m s�2)
h droplet height (mm)
L half of a droplet’s major axis (mm)
m droplet mass (mg)
r surface roughness factor (Eq. (23))
ReD Reynolds number, qUD/l
U air velocity (m s�1)
V droplet volume (lL)
w half of a droplet’s minor axis; etched pillar

width (mm, lm)
x, y, z coordinate directions

Greek Symbols
a surface inclination angle (�)
b droplet aspect ratio, L/w
d channel etch depth (lm)

/ azimuthal angle (�)
c surface tension (N m�1)
g droplet migration angle (�)
u surface area fraction used in the Cassie model—ratio of

wetted surface area to projected area (Eq. (24))
l air viscosity (kg m�1 s�1)
h apparent contact angle (�)
q air density (kg m�3)
w surface parameter (Eq. (20))
f droplet base contour radius (mm)

Subscripts
adv advancing
crit critical
eq equivalent
min minimum
max maximum
rec receding
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liquid drainage behavior. Thus, as part of this modeling effort, the
influence of the underlying microstructure on the critical air veloc-
ity for droplet departure was explored. Because droplet shapes on
surfaces with anisotropic wetting behavior are different from those
on conventional, isotropic surfaces, it was found that surfaces man-
ufactured with parallel micro-channels (with or without surface
coating) significantly affected the critical air velocity.
2. Literature review

In an early study of droplets on grooved substrates, Oliver, Huh,
and Mason examined droplets of PPE and mercury on parallel-
grooved nitrocellulose surfaces and found that the mercury drop-
lets were nearly spherical while the PPE droplets were cylindrical
[1]. Using a mechanistic approach, Oliver and co-workers showed
that the Cassie–Baxter equation was not valid for the case of cylin-
drical droplets on these parallel-grooved surfaces and developed a
new expression for the apparent contact angle from a two-dimen-
sional force balance. This new expression, however, did not con-
sider air flow.

Morita et al. offered insight into the anisotropic wetting of mi-
cro-patterned fluoroalkylsilane monolayer surfaces with alternat-
ing hydrophilic/hydrophobic lines of width 1–20 lm [2]. They
observed that the static and dynamic contact angles of a droplet
oriented orthogonally to the stripes were 10–30� larger than those
of the droplet oriented parallel to the stripes. Sliding angle data
showed low tilt angles for droplets sliding parallel to the stripes,
but droplets sliding orthogonally to the stripes resisted tilt angles
of more than 80�. Yoshimitsu et al. studied the sliding behavior
and contact angle variation of water droplets on hydrophobic pillar
and groove structures prepared from a silicon wafer by dicing it
and then coating it with fluoroalkylsilane [3]. They found that
the dependence of the sliding angle on the weight of the water
droplet was smallest for the parallel direction in the groove struc-
ture, followed by the pillar structure, and finally by the orthogonal
direction in the groove structure. The only paper identified that ad-
dresses the condensation of water vapor onto a superhydrophobic
grooved surface is the work of Narhe and Beysens [4]. In this work,
silicon substrates were prepared using the same technique out-
lined by Yoshimitsu et al. and treated by silanization. The contact
angles were 130� ± 2� and 110� ± 2� in the directions orthogonal
and parallel to the groove, respectively.
In another related work, Chen et al. examined the apparent con-
tact angle and shape of water droplets on parallel-grooved surfaces
using both numerical and experimental approaches [5]. Equilib-
rium drop shapes were predicted numerically by minimizing the
system free energy while simultaneously constraining the droplet
volume to a fixed value. In their model, the initial droplet shape
and the number of occupied channels were specified as inputs. It
was found that multiple equilibrium shapes were possible, and
droplets were observed to be pinned against the pillars, both
numerically and experimentally.

Extrand and Kumagai studied contact angle hysteresis, droplet
shape, and the retentive force for water and ethylene glycol drop-
lets at the critical condition on polymer and silicon surfaces using a
tiltable plane [6]. They found that surfaces with large contact angle
hysteresis produce more elongated drops. More recently, Tadmor
et al. measured lateral adhesion forces associated with a solid–
liquid interface and found that the lateral retention force is a
growing function of the droplet resting time [7,8]. In a numerical
study of droplets at the critical condition, Dimitrakopoulos and
Higdon solved for the droplet configuration that produced
minimum contact angle hysteresis (i.e. hA � hR) for a specified
advancing angle hA and Bond number [9].

Dussan and Chow also studied static droplet shapes at critical
conditions on an inclined surface for a droplet contact line with
straight-line segments on the sides [10]. In this view, the droplet
was assumed to be elongated and parallel-sided. This analysis,
however, was valid only in the limit of small contact angles, and
Dussan later extended this work to allow for larger contact angles
[11]. The model provided closed-form expressions for the maxi-
mum volume, speed, and wetted area of a droplet on a surface of
inclination, a, but it required knowledge of the advancing and
receding contact angles, hA and hR, as well as the slope of the contact
angle with respect to the speed of the contact line, R and A. The most
limiting restriction of this analysis was its assumption of small con-
tact angle hysteresis. Dussan later included the effects imposed by
the motion of the surrounding fluid, but again the analysis was lim-
ited to a droplet with small contact angles and small hysteresis [12].
Other relevant works include Merte and Son and Merte and Yamali
who studied the equilibrium shape and departure size of two-
dimensional dropwise condensation on a vertical surface [13,14].
A model was developed which minimized the total energy of the
droplet using techniques from variational calculus. Simulation
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results were compared against experimental data with reasonable
agreement found. In this two-dimensional model, however, the
air flow force was not considered.

In two recent reports by El Sherbini and Jacobi, droplet shapes
were studied experimentally [15,16]. The droplet shape was
approximated using a ‘two-circle method’ in which the droplet
profile is fitted with two circles sharing a common tangent at the
apex of the droplet. The volume was then calculated by integrating
the profile around the circumference of the base. This method
which was developed for conventional surfaces of homogeneous
roughness was found to accurately predict the volume of droplets,
knowing only the contact angle and shape of the three-phase con-
tact line. In this study, the two-circle approach was adopted and
modified to more accurately calculate the frontal area of the
droplet.

Korte and Jacobi examined the effect of condensate retention on
the thermal performance of plain fin, round-tube heat exchangers
having fin spacing much larger than the height of retained droplets
[17]. A model was also developed from a three component force
balance (i.e. gravity, surface tension, and drag force) for predicting
the mass of retained condensate and compared to steady-state
retention data. The model was found to be reasonably successful
in predicting retained condensate under relatively restricted oper-
ating conditions; however, the heat exchangers studied in this
work were oriented in a down-flow configuration and the critical
air flow force was not explored.

Several papers were found involving the calculation of the drag
force on single particles such as bubbles, droplets, and rigid spheres
[18–38]. For example, Al-Hayes and Winterton [18] performed an
extensive series of measurements for bubbles detaching from a sur-
face into a flowing liquid and then used these data to propose new
expressions for the drag forces experienced by a bubble on a sub-
merged surface. The liquids that were tested included water, water
with a surfactant and ethylene glycol. The droplet contact angles
varied from 22� to 90� (similar to present work), and they found
CD = 1.22 for 20 < ReD < 400. However, in this work, the Reynolds
number is greater than 900 making the extrapolation of these data
especially tenuous. In a paper on bubble detachment from a vertical
wall, Van Helden et al. [19] also briefly discussed the drag force ex-
erted on a bubble. Since bubble lift-off was in the x-direction, the
drag force was not involved; however, Van Helden et al. referenced
the paper by Al-Hayes and Winterton [18] noting that the drag coef-
ficient would likely be different than CD = 1.22 due to flow separa-
tion around the bubble since the bubble Reynolds number was
much higher in their case.

In addition, several papers were also found which considered
the transport characteristics of bubbles in two-phase flows includ-
ing the influence of the drag force and bubble–bubble interactions.
In gas–liquid two-phase flows, the drag coefficient is especially dif-
ficult to determine since gas bubbles can be deformed due to liquid
turbulence, interface interaction and phase change. In Ishii and
Chawla [27], constitutive relations for the drag coefficient of bub-
bles in various flow regimes were proposed. A comparison of their
theoretical predictions with over 1000 experimental data showed
satisfactory agreement; however, these relations were derived
assuming similarity between drag coefficients in single and multi-
ple particle systems and thus were intended for use in two-phase
flows.

Others have studied the deformation and breakup of liquid
droplets in turbulent gas flows. Unfortunately, there is no consen-
sus about the variation of the drag coefficient for a deforming li-
quid droplet in these types of flows. Prandtl [28] assumed that
the drag coefficient CD had a value close to 0.5 and that its subse-
quent deformation in the flow was accompanied by an increase in
that value. Volynskii [29] and Lane [30] both assumed a constant
value of 0.44 corresponding to the self-similar regime for flow over
a sphere (i.e. ReD = 1000–300,000). Volgin and Yugai [31] also stud-
ied liquid droplets in gas flows and observed a tendency for the
drag coefficient to fall within a narrow range of Reynolds numbers
from 2000 to 2600 for droplets 2.0–3.0 mm in diameter. Unfortu-
nately, the minimum value of the drag coefficient could not be
established, and Volgin and Yugai attributed this decrease to liquid
circulation within the droplet which tended to mitigate the impor-
tance of the pressure drag. Other germane studies involving the
calculation of the drag force on single particles include those by
Uhlherr and Sinclair [32] and Warnica et al. [33] as well as Morsi
and Alexander [34], Beard and Pruppacher [35], Mei and Klausner
[36], Klausner et al. [37], and Zeng et al. [38]. In these later works,
vapor bubble detachment in forced convection boiling is discussed,
and a mechanistic model (which includes the drag force) is devel-
oped. It is important to note, however, that the drag force was only
considered at the point of bubble departure (i.e. bubble was raised
up on the surface).

In summary, very few papers were found in the literature which
attempt to model the combined effect of gravitational, surface ten-
sion, and air flow forces on liquid droplets, and only a few studies
were found involving the behavior of liquid droplets on parallel,
micro-grooved surfaces where droplets have been reported to ex-
hibit an elongated, parallel-sided base contour shape. Although
significant research has already been reported on analytical and
numerical methods for calculating droplet forces, no method was
found that specifically addressed the calculation of the drag coeffi-
cient for condensate droplets on a heat transfer surface and/or the
critical air flow force required for droplet blow-off in air-cooling
applications. Therefore, new models and calculation methods are
needed if functional topography is to be used for the purpose of
controlling condensation and water drainage on heat transfer
surfaces.
3. Background and experimental methodology

The objective of this research was to better understand how the
anisotropy of a micro-grooved surface would affect water droplet
shedding due to air flow and to develop a model for predicting
the onset of the condensate carryover phenomenon. To that end,
water droplet contact angles were measured using a Ramé-Hart
goniometer, and still images of water droplets on vertical surfaces
were obtained in an open-loop wind tunnel using a charge coupled
device (CCD) camera. In the following sections, a more detailed
description of the surface fabrication procedure and experimental
setup is presented.
3.1. Surface preparation

Parallel channels approximately tens of microns in width and
depth, running the length of the surface, were etched into plates
of aluminum alloy 1100 (99.9% pure Al), 63.5 mm by 63.5 mm by
3.2 mm in size. Aluminum was chosen because it is naturally
hydrophilic and is the material of choice in many heat and mass
transfer applications. The fronts of the plates were machine buffed
to ensure good surface reflectivity, with care taken to ensure that
they remained flat. This care is necessary to minimize errors during
the transferring of the mask pattern to the photoresist layer during
UV exposure. To prepare the plates for photolithography and
chemical etching, the plates were cleaned with acetone for up to
15 min in an ultrasonic bath and then dried using a stream of nitro-
gen gas. Next, a technique developed by Guo et al. was used, and
the plates were immersed in 4 wt.% NaOH aqueous solution for
two hours to increase the initial surface roughness [39]. In their
work, Guo et al. increased the water contact angle from approxi-
mately 67� to more than 160� by immersing an aluminum surface



Fig. 1. SEM images of Al surfaces after etching with Transene Aluminum Etchant
Type A for 30 min: (a) 15 lm wide parallel channels, (b) 50 lm wide parallel
channels.

Fig. 2. Chemical structure of poly(dimethysiloxane) vinyl terminated (PDMSVT).
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in sodium hydroxide for several hours and then spin coating a layer
of poly(dimethysiloxane) vinyl terminated (PDMSVT) on the
surface.

3.2. Photolithographic method

Standard photolithographic practices were then used to impart
the anisotropic pattern to the surface and prepare the plates for
wet etching. First, a positive photoresist (i.e. S1813) was spin-
coated onto the aluminum surface using a Laurell spinner to pro-
duce a uniformly thick layer. The thickness of S1813 layer was
1.8 lm when spun at 2000 rpm for 40 s. Because the total energy
needed for proper exposure is dependent on the thickness of the
film, a thin and homogeneous film is necessary for high resolution.
In all cases, the plates were chemically cleaned to remove contam-
ination and heated to drive off any moisture that may be present
on the surface prior to spinning. Following this process, a Myriad
System 2001 Mask Aligner was used to align a photomask over
the aluminum substrate and expose the photoresist to UV light.
The photomask used in this project (i.e. soda-lime base with a
chrome coating) contained parallel micro-grooves 15 lm, 50 lm,
or 100 lm in width. Prior to exposure, the aluminum plate was soft
baked to reduce the solvent content in the resist layer and thus
prevent mask sticking. After exposure, the plate was developed
using a Shipley Microposit Developer CD-26. Table 1 shows the rel-
evant photolithography parameters. The surfaces were then etched
using a Transene Aluminum Etchant, Type A (i.e. 80 wt.% phospho-
ric acid, 5% nitric acid, 5% acetic acid, and 10% distilled water) at
50 �C with an etching rate of approximately 660 nm/min.

3.3. Surface modification

After etching, the photoresist was then stripped in acetone, and
the plates were rinsed in deionized water for 3 min and character-
ized using a surface profilometer. The plates were then analyzed
using a Field Emission Scanning Electron Microscope (FE-SEM) as
well as a profilometer to determine the surface geometry accu-
rately. Scanning electron microscope images of a couple represen-
tative surfaces are included in Fig. 1. The measured depth of the
channels after etching for 25 and 30 min were 6.8 lm and 10 lm,
respectively. Further surface modification was performed using
poly(dimethysiloxane) vinyl terminated (PDMSVT) as shown in
Fig. 2 in combination with a 1 wt.% Sylgard 184 silicone elastomer
curing agent obtained from Dow Corning Company. The modified
films were obtained by spin-coating at a speed of 3000 rpm for
30 s and then curing on a hot plate at 120 �C for 20 min. By spinning
at 3000 rpm, the PDMSVT formed a relatively thick film on the sur-
face (approx. 13 lm). PDMSVT is a low surface energy material
which can be used to increase the hydrophobicity of the underlying
surface. This hydrophobicity is further amplified by the roughness
of the underlying substrate.

3.4. Experimental apparatus and instrumentation

The apparent contact angles and base dimensions of the drop-
lets were obtained using a Ramé-Hart goniometer in combination
with a high-resolution CCD camera. Droplets were photographed
Table 1
Standard photolithographic process performed on Al plates.

Photoresist Spinning Soft
bake

Exposure Developer Post
bake

S1813 40 s @ 2000 rpm 110 �C 3 s CD-16 (40s) 125 �C
1 min 2 min
with the etched channels aligned parallel to gravity as shown in
Fig. 3 with images recorded at azimuthal angles of 0� and 90�.
The grooves were aligned with gravity because that configuration
has been shown to be the most promising for promoting drainage.
In this view, the advancing contact angle coincides with the loca-
tion u = 0� on the surface, and the receding contact angle coincides
with the location u = 180� on the surface. Typical uncertainty in
the measured contact angle was 1–2� while typical uncertainty
in droplet diameter was 2–3% with the maximum uncertainty
not exceeding 7%. A list of all manufactured surfaces and their
respective contact angles can be found in Table 2.

An open-loop wind tunnel (shown in Fig. 4) was used in these
experiments to measure the air-flow force required to overcome
the surface tension retaining force and cause water droplet motion
(i.e. the incipience of condensate carryover). The air flow was drawn
from the inlet plenum, through honeycomb flow straighteners,
screens, and a 9.5:1 area contraction into the test section at rates
up to approximately 150 m3/min. The test section (30.48 cm �
30.48 cm � 60.96 cm) was constructed from anodized 6061 alumi-
num and permitted both flow measurements upstream and down-
stream of the vertical surface and visual access to the specimen. The
specified airspeed range for this wind tunnel is 4.5 m/s to 65+ m/s
with an associated turbulence level of less than 0.2%.
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Fig. 3. Contact angle measurement configuration with channels oriented parallel to gravity.

Table 2
List of manufactured surfaces.

Channel spacing, w1 Channel width, w2 Channel depth, d Advancing angle, hA Receding angle, hR Hysteresis

Baseline surface – – – 107.1� 75.2� 31.9�
Sample 1 (with PDMS) 40 lm 60 lm 10 lm 116.4� 90.4� 26.0�
Sample 2 (with PDMS) �43 lma �57 lma 6.8 lm 122.3� 88.0� 34.3�
Sample 3 (no coating) 36 lm 64 lm 12 lm 102.2� 31.7� 70.5�

a Not measured directly.
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Fig. 4. Open loop wind tunnel used to performed the critical air velocity measurements.
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For these experiments, the aluminum test sample was oriented
vertically inside the wind tunnel parallel to the direction of the air
stream. After a water droplet of known volume was injected onto
the sample using a high-precision micro-syringe, then the blower
was activated. If droplet motion was not immediately observed,
the fan was turned ‘‘off.’’ The fan speed was then incrementally in-
creased using a PID controller, and a new droplet was placed on the
sample. When droplet motion was first detected, the air velocity
was measured using a hot-bulb anemometer to determine the
‘‘critical air flow rate’’ for droplet motion for a given size on the test
surface. For the flow rates examined in these experiments, the local
velocity at the droplet half height was taken as equal to the mea-
sured mainstream velocity since the boundary layer is thin.
(According to the Blasius velocity profile, the local velocity at the
droplet half height is within 99.9% of the mainstream velocity for
the location on the surface where the droplet was placed.) Because
a new droplet was placed on the surface prior to each performed
test and uniform flow conditions are achieved soon after the acti-
vation of the fan, losses due to evaporation were assumed to be
minimal.

To check this assumption, however, small water droplets were
placed on a digital balance with a readability of ±0.0001 g and
weighed continuously for a period of 20 min. For 10 lL and 60 lL
sessile droplets, the evaporation rate was found to be 0.00026 g/
min and 0.00054 g/min, respectively. Thus, the evaporative losses
after three minutes would be 7.8% and 2.7%, respectively. In this
study, contact angle measurements were typically performed
within a couple of minutes of the droplet being placed on the sur-
face. Moreover, contact angle measurements have been shown to
vary very little with the droplet volume as suggested by a recent
study [40]. For the critical velocity measurements, a new droplet
was injected on the surface before each test thus minimizing the
effect of evaporation. Thus, for the range of droplet volumes exam-
ined (i.e. 5–70 lL), the effect of evaporation was deemed small.

4. Calculating the critical air velocity for water droplet
departure

For the case of an idealized water droplet on a vertical surface,
the calculation of the critical air flow force required for water drop-
let departure can be found using a three-component force balance
on the droplet as shown below in Fig. 5 such that:
Fg;x þ Fs;x þ Fd;x ¼ 0 ð1Þ
where Fg,x represents the gravitational force, Fs,x represents the sur-
face tension force, and Fd,x represents the air flow force in the x-
direction.

The x-component of the gravitational force is simply calculated
as

Fg;x ¼ q � V � g � sin a � cos g ð2Þ
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Fig. 5. Schematic showing relevant forces on a condensate droplet.

Fig. 6. Schematic showing the two circles used to calculate the projected area of the
droplet.
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where V is the volume of the water droplet, a is the angle of incli-
nation of the surface (i.e. a = 90� for a vertical surface), and g is
the angle of droplet migration along the surface (see Fig. 5). The cal-
culation of the surface tension force is found by performing the
integration

Fs;x ¼ �c
Z 2p

0
f cos h cos /d/ ð3Þ

where c is the liquid surface tension, f is the local droplet base ra-
dius, h is the local droplet contact angle, and / is the azimuthal an-
gle measured around the base of the droplet. In this view, the
contact angle at / = g is assumed to be the advancing contact angle,
hadv, and the contact angle at / = p + g is assumed to be the receding
contact angle, hrec. Furthermore, the contact angle was assumed to
vary monotonically as described by El Sherbini and Jacobi [15] such
that

cos hð/Þ ¼ 2
cos hmax � cos hmin

p3 /3 � 3
cos hmax � cos hmin

p2 /2

þ coshmax ð4Þ

For a horizontal droplet, hmin = hmax; whereas for a droplet at the
critical condition, hmax = hadv and hmin = hrec. The local droplet base
radius which is also a function of the azimuthal angle, /, was mod-
eled using the cubic equation proposed by Chen et al. [5] and
adopted by Sommers and Jacobi [41]. Rearranged to be explicit in
terms of f, this equation can be written as:

fð/Þ ¼ j cos /j
L

� �3

þ bj sin /j
L

� �3
" #�1=3

ð5Þ

where L is the droplet major radius. In exploring the suitability of
various base-contour shapes for droplets, the elliptical shape was
found to be inadequate since it did not represent the parallel-sided
shape of droplets on micro-grooved surfaces. In this way, Eq. (5)
which is ‘flatter’ than an ellipse provides a slightly more realistic
representation of the actual shape of droplets on these surfaces. Be-
cause the air flow force affects the water droplet shape (and thus
the local droplet contact angles), the following equation was ulti-
mately adopted for the calculation of the surface tension force

Fs;x ¼ �Ac
Z 2p

0
f cos h cos /d/ ð6Þ

where A represents a scaling factor. (Note: The empirical relation-
ship developed by El Sherbini and Jacobi [15] was for the case of
no air flow.) The scaling factor was determined by checking the
goodness of fit of the model with the baseline data. The adopted va-
lue (i.e. A = 1.40) was also shown to agree well when the baseline
surface was tested horizontally in the wind tunnel to eliminate
the influence of gravity on the droplet at the onset of droplet mo-
tion. By equating the forces on the droplet at the onset of droplet
motion (i.e. Fs = Fd) and using a theoretical drag coefficient gleaned
from the literature, the scaling factor could be checked. Reasonably
good agreement was found across a range of examined droplet vol-
umes (i.e. 5–60 lL). These tests are described in more detail in the
following section.

The calculation of the drag force was performed using the
equation

Fd;x ¼
1
2
� CD � qair � U

2 � Aproj � sin g ð7Þ

where CD is the drag coefficient, qair is the density of the air, U is the
mainstream air velocity, Aproj is the projected area of the droplet,
and g is the angle of droplet migration along the surface. The drag
coefficient was determined experimentally and then checked
against values found in the technical literature as will be discussed
in the following section. The projected area of the droplet was cal-
culated using two circles (i.e. C1 and C2) to fit the profile of the
droplet as shown in Fig. 6 following the methodology outlined by
El Sherbini and Jacobi [16]. Using this method, Eq. (8) was then de-
rived to calculate the projected area such that:

Aproj ¼
ZZ

A
xdxdy ð8aÞ

Aproj ¼ p L2
1

ðsin h1Þ2
h1

2p
� 1

2
L2

1

tan h1
þ p L2

2

ðsin h2Þ2
h2

2p
� 1

2
L2

2

ðtan h2Þ
for h1 < 90�; h2 < 90� ð8bÞ

Aproj ¼ p L2
1

ðsin b1Þ
2

h1

2p
þ 1

2
L2

1

tan b1
þ p L2

2

ðsin h2Þ2
h2

2p
� 1

2
L2

2

ðtan h2Þ
for h1 > 90�; h2 < 90� ð8cÞ

where

L1 ¼
DLf

1þ Lf
ð9Þ

L2 ¼
D

1þ Lf
ð10Þ

Lf ¼
sin h1ð1� cos h2Þ
sin h2ð1� cos h1Þ

ð11Þ

where D represents the major diameter of the droplet (i.e. 2f) as
shown in Fig. 6, h1 is the advancing contact angle, h2 is the receding
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contact angle, and b1 = (p � h1). For the baseline surface, it was
shown that this ‘‘two-circle method’’ predicts 4% more projected
area than the one-circle method; whereas for the micro-grooved
surfaces examined in this study, the ‘‘two-circle method’’ predicted
about 3% less projected area than the one-circle method.

The angle of droplet migration was determined using calculated
values for Fs and Fg which are known a priori for a specified droplet
volume and surface wettability (i.e. h1 and h2) such that

g ¼ arccos
Fg

Fs

� �
ð12Þ

where
Fg ¼ qVg ð13Þ

Fs ¼ �Ac
Z 2p

0
f cos h cos /d/ ð14Þ

as depicted in Fig. 5.

5. Determination of the drag coefficient

The drag coefficient was determined by measuring the critical
velocity necessary for the onset of droplet motion in the wind tun-
nel when the baseline surface was oriented horizontally to elimi-
nate the influence of gravity on the droplet. Because the droplet
is less elongated and droplet migration occurs along a straight line,
the surface tension force is also more readily calculated on the hor-
izontal surface than on the vertical surface where droplet deforma-
tion complicates the calculation of the surface tension force. By
equating the forces on the droplet at the onset of droplet motion
(i.e. |Fs| = |Fd|), the drag coefficient could be inferred such that:

CD ¼
j2Ac

R 2p
0 f cos h cos /d/j
qairU

2Aproj

ð15Þ

In addition, the technical literature was consulted for applicable
values (see Table 3). One of the most commonly cited studies was
Al-Hayes and Winterton [18] who examined bubbles detaching
from a solid surface in flowing liquids. The equilibrium contact an-
gle ranged from 22� to 90�, and the drag coefficient was found to be:

CD ¼ 1:22 for 20 < ReD < 400 ð16Þ

CD ¼ 24=ReD for 4 < ReD < 20 ð17Þ

where ReD was defined using the local boundary-layer velocity at
the droplet half-height and a location midway across the surface.
In the present work, the calculated Reynolds number, ReD, ranged
from 1500 to 2500 excluding the use of these published experimen-
tal values. (Note: In this study, the mainstream velocity was used in
defining the Reynolds number since the boundary layer is thin and
according to the Blasius velocity profile, the local velocity at the
droplet half-height is within 99.9% of the mainstream velocity.)

Of the papers found containing values or correlations for rigid
spheres or bubbles, the value of the drag coefficient varied from
0.35 to 0.45 for 1500 < ReD < 2500 as shown in Table 4. (Note: No
paper was found which specifically addressed truncated spheres
or bubbles detaching from solid surfaces within this ReD regime.)
Both the experimentally determined values found using Eq. (15)
(see Table 5) and those gleaned from the literature are plotted in
Fig. 7. In this figure, the correlation developed by Beard and Prupp-
acher [35] for rigid spheres for 200 < ReD < 4000 is shown where

CD ¼ 0:28þ 6ffiffiffiffiffiffiffiffi
ReD
p þ 21

ReD
ð18Þ

Reasonable agreement between the various methods was ob-
served. For the present study where 1500 < ReD < 2500, a constant
value (i.e. CD = 0.44) was used for all cases since the flow regime
was not expected to change over this ReD range and the uncertainty
in CD was already fairly high. This value corresponds to the self-
similar regime for flow over a sphere [29,30]. Should new experi-
ments or computations provide updated drag coefficients for drop-
lets on surfaces, that information could be easily adopted into the
existing model. With the drag coefficient now prescribed, Eq. (1)
can be rearranged and solved explicitly for the critical air velocity
such that:

U2
crit ¼

2 �Ac
R 2p

0 f cos h cos /d/� qVg sin a cos g
� �

qairCDAproj sin g
ð19Þ
6. Treatment of the anisotropic surface roughness

The overall objective of this work was to create a general model
that could be applied to anisotropic fin surface designs. Through
the specification of only the advancing and receding contact angles,
droplet volume, and micro-channel geometry (if applicable) as in-
put parameters, it was hoped that a general model could be created
which would enable the user to predict droplet departure for var-
ious modified surfaces having an underlying surface roughness
and/or chemical coating when experiencing an airflow force. For
a homogeneous surface, the surface retentive force is usually calcu-
lated by integrating the local surface tension force along the drop-
let contact line (see Eq. (6)). However, for a surface with channels,
the contact line may be broken and vary in length at different loca-
tions on the surface (i.e. Cassie–Baxter mode of wetting). Alterna-
tively, the length of the contact line may be increased due to
additional contact within the channels (i.e. Wenzel mode of wet-
ting). This can add considerable complexity and uncertainty to
force-based models since accurate modeling of the contact line is
imperative for accurate calculation of the surface tension force.
For this reason, a single parameter which closely models the effect
of the surface roughness on the contact line would be highly
desired.

In the case of parallel micro-channels, one possibility is to use
the geometry of the underlying surface micro-structure to scale
the length of the contact line. For example, for a micro-structured
surface exhibiting Wenzel’s mode of wetting (see Fig. 8) with chan-
nels of width w1 and depth d, the ratio of the contact line length on
this surface to the original contact line length on the baseline sur-
face would be:

w ¼ w1 þ 2dþw2

w1 þw2
ð20Þ

In the case where w1 = w2, this expression simplifies to:

w ¼ wþ d
w

ð21Þ

where w = w1 = w2. In this approach, the surface tension force is cal-
culated using the following expression:

Fs;x ¼ �Acw
Z 2p

0
f cos h cos /d/ ð22Þ

where cos h is defined as before using Eq. (4). For the surfaces stud-
ied experimentally in this work, w = 1.0 (Baseline), w = 1.2 (sample
1), w = 1.136 (sample 2), and w = 1.24 (sample 3).

7. Results and discussion

Testing in the wind tunnel was performed on the baseline sur-
face, sample 1 (hydrophobic surface) sample 2 (hydrophobic sur-
face), and sample 3 (hydrophilic surface). As discussed earlier,



Table 4
Drag coefficient values for rigid spheres and bubbles.

Reynolds number,
ReD

Uhlherr and Sinclair [32] Clift et al. [21] Beard and Pruppacher [35] Ishii and Chawla [27]

500 0.56 0.55 0.59 0.56
750 0.51 0.50 0.53 0.49

1000 0.48 0.47 0.49 0.45
1250 0.46 0.45 0.47 0.42
1500 – 0.44 0.45 0.40
1750 – – 0.44 0.38
2000 – – 0.42 0.37
2250 – – 0.42 0.36
2500 – – 0.41 0.35

Table 5
Experimentally determined drag coefficients.

Droplet volume (lL) Air velocity (m/s) Calculated CD (A = 1.00)

10 10.07 0.413
15 9.79 0.389
20 9.08 0.416
30 8.74 0.399
40 8.14 0.423
50 7.83 0.428
60 7.51 0.441

  w1   w2 δδ

Fig. 8. A substrate of high surface energy satisfying Wenzel’s mode of wetting.

Table 3
Published drag coefficient studies.

n CD relationship Type Range Reference

1 CD = 24/ReD for 4 < ReD < 20 Bubbles in flowing liquids 4 < ReD < 400 [18]
CD = 1.22 for 20 < ReD < 400

2 CD = 0.44 (assumed constant) Deformable liquid droplets in gas
flow

2.0 < D < 5.0 mm turbulent flow [29,30]

3 CD � 0.45 Rigid spheres ReD = 1000 [34]
4 log CD = 1.6435 � 1.1242w + 0.1558w2 where w = log (ReD) Spheres 260 < ReD < 1500 [21]
5

CD ¼ 0:28þ 6ffiffiffiffiffiffi
ReD

p
� �

þ 21
ReD

� � Rigid spheres 200 < ReD < 4000 [35]

6
CD ¼ 0:133 1þ 150

ReR

� �1:565
þ 4ð u0

UR
Þ where u0/UR is the relative turbulence

intensity

Rigid spheres 50 6 ReR 6 700, 0.07 6 u0/
UR 6 0.5

[32]

7 CD ¼ 24 1þ 0:1Re0:75
D

� �
=ReD

Bubbles 100 < ReD < 10,000 [27]
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Fig. 7. Plot of theoretical drag coefficient for rigid spheres and experimentally
determined values found using Eq. (15).
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samples 1–3 were prepared by etching micro-channels into the
surface. Additionally, samples 1 and 2 included a PDMS surface
coating to impart the hydrophobicity to the surface while sample
3 was without such coating. Data of the critical air-flow rate were
then measured for different droplet sizes and plotted for the vari-
ous surfaces as shown in Figs. 9 and 10. Unless otherwise noted,
the micro-channels were aligned parallel to gravity. Thus, the air
flow force was perpendicular to the channels. Fig. 9 shows that
the hydrophilic surface (sample 3) required larger air-flow rates
to cause droplet motion than the baseline surface for droplet vol-
umes between 5 and 25 lL. (i.e. The drag force required to move
the droplet along the surface in the direction of the air flow is high-
er on sample 3 than on the baseline surface.) In other words, drop-
lets of comparable size are less likely to be ‘‘blown off’’ the back
side of a heat exchanger constructed using the hydrophilic alumi-
num sample as compared to the baseline case. This results because
surface roughness amplifies the underlying wettability of a surface.
In this case, the surface was naturally hydrophilic and droplets
wetted the surface so the micro-channels served to increase the
surface hydrophilicity.

If the surface is processed with micro-channels and PDMS coat-
ing, it becomes hydrophobic (i.e. smaller contact angle hysteresis
and smaller critical inclination angles). Fig. 10 shows that the
surface with the micro-channels and PDMS coating reduces the
critical air-flow force as compared to the baseline surface. Thus, a
larger range of droplet sizes may be removed and droplets
condensed on the surface may be removed while they are still
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Fig. 9. Experimental data showing larger required critical air velocities on the
anisotropic hydrophilic surface versus the baseline surface.
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Fig. 10. The air flow rate necessary for droplet movement across the micro-
channels was 1.0–1.2 m/s higher than the air flow rate for droplet movement along
the channels.
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Fig. 11. Model prediction results for the baseline surface.
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relatively small. Thus, large droplets which tend to increase the
core pressure drop are less likely to be retained on the surface.
The surface micro-structure was also observed to suppress droplet
movement across the grooves while at the same time facilitating
movement along the grooves since the critical air-flow rates paral-
lel to the channels were smaller than for droplet movement
perpendicular to the channels. More specifically, the required air-
flow rate for movement across the channels was 1.0–1.2 m/s larger
than the air-flow rate for movement along the channels and only
slightly lower than the baseline case. Depending on the applica-
tion, either the hydrophilic surface (which would minimize con-
densate carryover) or the hydrophobic surface (which would help
reduce the core pressure drop by facilitating condensate drainage
downwards with gravity) may be more desired. In both cases,
the micro-channels provide a preferential direction and path for
the water to drain.

Next, the new model was tested for its accuracy in predicting
the onset of droplet departure. For the baseline surface (i.e.
hA = 107.1�, hR = 75.2�, w = 1), the model was tested for the droplet
volume range from 5 to 20 lL. The results are shown below in
Fig. 11 with respect to the experimental data. Generally good
agreement was observed. This agreement, however, was expected
since the scaling factor, A, was determined in part using these data.
These data are also in excellent agreement with Sommers and Jaco-
bi [42] which found that for droplets 20 lL in size and larger, the
droplet drains freely under the influence of gravity on vertical alu-
minum surfaces. (i.e. No air flow force is needed to initiate drain-
age.) The average error for these data was 12.3%.

Next, the model was applied to a few different anisotropic sur-
faces—namely, sample 1, sample 2, and sample 3. Sample 1 which
was hydrophobic contained micro-channels (i.e. w1 = 40 lm,
w2 = 60 lm and d = 10 lm) and a PDMS coating. For these nomi-
nally 50 lm wide channels, the roughness parameter, w, was cal-
culated and found to be 1.20. Fig. 12 shows the model
predictions for sample 1 with respect to the experimental data.
These results show that model agreement was similar to the base-
line surface. The average error for this sample was found to be
7.0%. Thus, the dimensionless parameter w used to describe the
topographical microstructure of the surface appears to capture
some of the underlying physics. However, it should be noted that
w is a two-dimensional representation of the contact line and as
such may not accurately reproduce the three-phase contact line
on highly tortuous surfaces.

Sample 2 also had micro-channels of nominally the same width
(channel depth = 6.8 lm) and PDMS coating (see Table 2). For this
surface, the value of w was 1.136. The model predictions for sample
2 together with the experimental data are shown in Fig. 13. For
droplets less than or equal to 15 lL in size, the average error of
these predictions was 23.5%. Although the agreement was not as
good as sample 1, the overall trend was predicted well. Although
sample 1 was more hydrophobic than sample 2 due to the increased
channel depth, it should also be noted that sample 2 required smal-
ler air-flow velocities for droplet removal. One explanation is that
droplets can move more freely across the channels on sample 2 be-
cause the channels are shallower (i.e. less droplet pinning). Thus,
the critical air velocity for droplet departure is reduced.
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Fig. 12. Model prediction results for sample 1.
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Fig. 13. Model prediction results for samples 2 and 3 showing the large difference
in the critical air flow rate between these anisotropic hydrophilic and hydrophobic
surfaces.
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Sample 3 also had micro-channels (w1 = 36 lm, w2 = 64 lm,
d = 12 lm) but no chemical coating. Thus, this surface was hydro-
philic. For this surface, it was found that w = 1.24. Without any
chemical coating, the wettability of sample 3 was only modified
by the surface roughness. The predictions provided by the model
agreed relatively well with the experimental data (see Fig. 13).
The average error for these predictions was 25.0%. Because the sur-
face was hydrophilic, significantly higher air velocities were
needed to reach the critical state. In fact, the critical air velocities
associated with droplet departure were more than 184% higher
for sample 3 than the baseline surface.

By applying the model to multiple surfaces (both hydrophilic
and hydrophobic) and comparing these results with experimental
data, it can be concluded that the model is fairly robust and useful
for predicting trends associated with the overall wettability of
aluminum fin surfaces. Using only a few simple inputs (i.e. contact
angles and a roughness parameter), the model has been shown to
predict changes in surface wettability on both homogeneous
aluminum surfaces and enhanced surfaces containing parallel
channels tens of microns in width and depth. The model also
highlights the advantages of this particular anisotropic surface
structure and thus can be used as a tool in the design of future mi-
cro-channel surface geometries.

Because it only requires four inputs (i.e. V, hadv, hrec, w), the
model can also be easily used for exploratory purposes. If the
advancing and receding contact angles are not known a priori,
these angles may be predicted for a surface using a published
equation of wetting. For example, two models are often used to de-
scribe how a droplet forms on a rough surface. A droplet that com-
pletely wets the surface and fills in the surface asperities is usually
described by Wenzel’s theory of wetting such that

cos h0 ¼ r cos h ð23Þ

where h0 is the apparent static contact angle of the droplet wet-
ting the surface and r is the surface roughness factor defined as
the ratio of the actual wetted area to the geometric projected area
[43]. In this way, r is equivalent to w, and this ratio always has a
value greater than or equal to unity. The second type known as
the ‘‘composite surface’’ occurs when the droplet is suspended
over the asperities, leaving air trapped beneath it. This form of
wetting frequently occurs when the droplet is injected by syringe
onto a surface having sufficiently small surface features. ‘‘Compos-
ite surfaces’’ are described by Cassie–Baxter’s theory of wetting
where

cos h0 ¼ �1þuðcos hþ 1Þ ð24Þ

and u represents the surface area fraction of the wetted area to the
projected area [44]. This fraction always has a value less than unity.

In this study, the examined surfaces exhibited Wenzel’s mode
of wetting. Thus, as a first-order approximation, the advancing
and receding contact angles of these micro-grooved samples can
be predicted by simply knowing the advancing and receding con-
tact angles (i.e. hadv, hrec) for a bare aluminum surface and an alu-
minum surface with a PDMS coating as shown in Table 6. More
specifically,

cos h�adv ¼ w cos hadv ð25Þ

cos h�rec ¼ w cos hrec ð26Þ

where h�adv is the predicted advancing contact angle and h�rec is the
predicted receding contact angle. If these predicted contact angles
were used in the model along with the roughness parameter w,
the critical air velocity is still predicted with a high level of accuracy
as shown in Fig. 14. In this approach, only the surface roughness
parameter w and the droplet volume V are specified as inputs to
the model along with the homogeneous surface contact angles
(which could be retrieved from other sources). It should be noted,
however, that the Wenzel [43] and Cassie–Baxter equations [44]
were originally developed for predicting static contact angles (not
advancing and receding contact angles) on flat rough surfaces. Thus,
although others have adopted this approach [45–47] and reason-
able agreement has typically been observed, the physical basis for
this approach (i.e. substituting h = hadv) is not entirely clear. Other
models have been suggested; however, most of these have been
developed for super-hydrophobic surfaces and constitute modified
forms of the Cassie–Baxter equation [48,49].

The model presented in this paper and the accompanying
experimental results which show the promise of these functional-
ized surfaces for improved condensate management could be used
in a wide range on engineering applications. Its utility, however, is
of special relevance in air-cooling applications where condensate



Table 6
Contact angle predictions using Wenzel’s model of wetting.

w Advancing angle (�) % Error Receding angle (�) % Error

Aluminum + PDMS coatinga – 119.4 – 90.0 –
Sample 1 (predicted) 1.200 126.1 8.3% 90.0 0.4%
Sample 2 (predicted) 1.136 123.9 1.3% 90.0 2.3%
Aluminum surfaceb – 86.8 – 45.8 –
Sample 3 (predicted) 1.240 86.0 15.9% 30.2 4.7%

a Measured.
b Liu et al. [50].
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Fig. 14. Model prediction results for samples 2 and 3 determined using Wenzel’s
model of wetting to approximate the advancing and receding contact angles on
these surfaces.
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forms on the heat transfer surface. Because of its ability to
accurately predict the critical air velocity for water droplet depar-
ture, this new calculation method could be used to facilitate the
design of more robust, anisotropic water-shedding surfaces—sur-
faces that mitigate the potential for condensate ‘‘blow-off’’ in
application.

8. Conclusions

A methodology for calculating the critical air velocity for water
droplet departure from a vertical fin surface in cross flow was pre-
sented. This model which considers the combined effect of the
gravitational, surface tension, and air flow forces on a droplet
was found to provide reasonably accurate agreement with experi-
mental data for water droplets 1–25 lL in size. In this method, the
user must specify four inputs—namely, the advancing and receding
contact angles of the surface, droplet volume, and a roughness
parameter if applicable (i.e. hadv, hrec, V, w). When applied to sur-
faces of varying wettability, the model was shown to calculate
the critical air velocity to within 15.2% for 89% of the droplets
analyzed.

The model was then applied to surfaces containing parallel mi-
cro-channels aligned vertically with gravity with and without a
hydrophobic coating. For surfaces with the hydrophobic coating,
both improved condensate drainage behavior and increased resis-
tance to condensate carryover were observed. That is these sur-
faces exhibited an ability to not only impede condensate droplet
departure in the streamwise direction but also an ability to facili-
tate improved condensate drainage in the direction of the chan-
nels. More specifically, for micro-grooved samples with a PDMS
coating, the required air-flow rate for movement across the chan-
nels was 1.0–1.2 m/s larger than the air-flow rate required for
movement along the channels and only slightly lower than the
baseline case. For surfaces with no surface coating, the critical air
velocity for water droplet departure was found to be more than
180% higher than the baseline surface—a behavior that was ob-
served both numerically and experimentally. These results suggest
that micro-grooved, anisotropic surfaces may be useful for resist-
ing condensate carryover in air cooling applications where the sur-
face micro-channels are aligned parallel to gravity to assist in
condensate drainage.
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