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The behavior of water droplets on aluminum surfaces with parallel grooves tens of microns in width
and depth is considered, and a mechanistic model is developed for predicting the critical droplet size—
droplets at incipient sliding due to gravity. The critical droplet size is nearly 50% smaller on micro-
grooved surfaces than on the same surface without micro-grooves. The application of existing models fails
to predict this behavior, and a new model based on empiricism is developed. The new model provides
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Hydrophobic reasonable predictions of the critical droplet size for a given inclination angle, advancing contact angle,
Critical droplet and maximum contact angle. When the grooves are aligned parallel to gravity, the maximum apparent
Condensate contact angle does not occur at the advancing front but rather along the side of the droplet because of

Contact angle
Micro-grooves
Aluminum

contact-line pinning. Droplets on these surfaces are elongated and possess a parallel-sided base contour
shape. Novel data are provided for droplets in a Wenzel state, a Cassie-Baxter state, and combined state
on micro-grooved surfaces, and the ability of the empirical model to handle these variations is explored.

These findings may be important to a broad range of engineering applications.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Understanding the behavior, shape, and size of the critical
droplet is the key to understanding droplet retention on a surface.
The so-called “critical droplet” [1] refers to a droplet of sufficient
size so that the surface-tension retaining force is equal to the grav-
itational drainage force—that is, the critical droplet is at the point
of incipient motion. Significant research has already been reported
for critical droplets on smooth surfaces as well as homogeneously
rough surfaces [2-5]. However, there is very little work in the open
literature combining empirical data and modeling as a means for
understanding water retention on micro-grooved surfaces. Our in-
terest in water retention on such surfaces is motivated by recent
advances allowing the inexpensive manufacture of aluminum fin
stock with micro-grooves, and the potential for their use in heat-
ing, ventilation, air conditioning, and refrigeration (i.e. HVAC&R)
systems, where managing water on the heat exchanger fins is a
major design concern.

To achieve a truly water-repellent surface, the droplet contact
line must be highly discontinuous and only possess metastable
states of equilibrium. Extrand [6] argued that the two most impor-
tant criteria for determining ultralyophobicity (i.e. the ability of a
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surface to repel droplets independent of its contact angle) are con-
tact line density and asperity height. Using a simple force analysis,
Extrand developed expressions for the critical line density and crit-
ical asperity height for small droplets in terms of only the surface
geometry, droplet volume, apparent advancing contact angle, and
fluid properties, and then he tested these criteria using experimen-
tal data from various rough surfaces. Successful prediction of the
collapse or suspension of droplets (wetting mode) was achieved.
However, Extrand assumed spherical droplets, and the droplet vol-
ume supported by the pillars was neglected.

Using a mechanistic approach, Oliver et al. [7] showed that
the Cassie-Baxter equation is valid for near-spherical mercury
droplets on parallel-grooved nitrocellulose surfaces. However, for
PPE droplets which were more cylindrical, the Cassie-Baxter equa-
tion was not valid, and Oliver et al. developed a new expression
from a two-dimensional force balance that approximates the ap-
parent contact angle.

Morita et al. [8] offered insight into the anisotropic wetting be-
havior of micro-patterned, two-component fluoroalkylsilane mono-
layer surfaces with alternating hydrophilic/hydrophobic lines of
width 1-20 pm. For all line widths, they observed that the static
and dynamic contact angles of droplets oriented orthogonally to
the stripes were 10-30° larger than those of droplets oriented par-
allel to the stripes. Sliding angle data also showed lower tilt angles
for droplets sliding parallel to the stripes than for droplets sliding
orthogonally to the stripes. However, no general model explain-
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Nomenclature

Bond number, pgD?sina/y

equivalent diameter, 2(Lw)!/2

critical diameter, 2L

force

acceleration of gravity

half-length of a droplet; major radius

circumferential arc length

half-width of droplet; minor radius; micro-groove
width

Greek symbols

S Lo "npt;%u

surface inclination angle

droplet aspect ratio, L/w

surface tension of liquid-vapor interface
micro-groove depth

base contour radius

Y 2R ™ R

0 apparent contact angle

A retentive force correction term
P liquid density

¢ azimuthal angle
Subscripts and superscripts

1 contact angle at ¢ =0°

2 contact angle at ¢ = 180°
adv advancing

eq equivalent

g gravitational

max maximum

min minimum

PS parallel-sided

rec receding

s relating to surface tension

ing how the contact angle varied with the azimuthal angle was
offered.

Yoshimitsu et al. [9] 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. Although the contact angle was
higher on the pillar structure, the groove structure exhibited bet-
ter water-shedding characteristics in the parallel direction than the
pillar structure because of its low energy barrier to the movement
of the contact line.

In perhaps the study most germane to the present work, Chen
et al. [10] examined the apparent contact angle and shape of wa-
ter droplets on parallel-grooved surfaces from both a numerical
and experimental perspective. In both cases, the apparent contact
angle viewed from the front (line of sight parallel to grooves and
gravity) was typically larger than the contact angle viewed from
the side, an observation that Chen and co-workers attributed to
the pinning of the droplet against the pillars. They also noted that
a cubic equation better fit the base contour of the drop than an
ellipse, because it was “flatter” on the sides. In their model, how-
ever, droplet volume, base contour shape, and contact angle are all
needed a priori to determine the equilibrium droplet shape. Chen
and co-workers also examined very small water droplets (i.e. 0.59-
5.7 pL) and did not quantify the relationship between the contact
angle and the azimuthal angle, nor was information about critical
inclination angle or maximum droplet size provided.

Extrand and Kumagai [11] studied water and ethylene glycol
droplets at the critical condition on polymer and silicon surfaces
using a tilt table with an emphasis on contact angle hysteresis,
droplet shape, and the retentive force. They found that those sur-
faces with the largest contact angle hysteresis also produced the
most elongated drops. For these experiments, however, the base
contour was taken as elliptical, and cos® was assumed to vary lin-
early around the base of the drop.

In a numerical study of droplets at the critical condition, Dim-
itrakopoulos and Higdon [12] solved for the droplet configuration
that produced minimum contact angle hysteresis (i.e. 64 — 6g) for
a specified advancing angle 65 and Bond number. The result, how-
ever, produced a nearly step-wise variation of the contact angle
from 6a to 6g around the base of the drop.

In two recent reports by El Sherbini and Jacobi [13,14], the
droplet shape was approximated using a method that fits the
droplet profile with two circles sharing a common tangent at the
apex of the droplet. With experimentally determined base contours
and contact angle variation, this method was found to allow ac-

curate calculations of the drop volume. This work, however, was
intended only for regular surfaces of homogeneous roughness. The
azimuthal variation of the contact angle around the base of the
drop was found to follow a third-order polynomial, an observation
that differs from the present study as will be shown later. Further-
more, in this earlier work, the base contour was taken to be el-
liptical, and the contact line was assumed to be continuous. These
conditions may not prevail on heterogeneously rough surfaces with
micro-grooves. In another recent work, Bouteau et al. [15] showed
that an elongated, parallel-sided droplet shape provided a better
fit with experimental data and cited the importance of the capil-
lary forces at the front and rear edges of the droplet. However, this
work was performed on ideal Langmuir-Blodgett surfaces, and the
data did not compare well with the model predictions of [13,14].

Most attempts to radically change surface wettability have fo-
cused not only on surface geometry (the focus of this research) but
also on modification of the surface free energy by chemical treat-
ment. This dualistic approach is not only more costly but perhaps
more restrictive in industrial applications where thermal cycling
and fouling raise legitimate concerns over coating robustness.

The overall objective of this work was to measure and model
the retention of water droplets on micro-grooved aluminum sur-
faces. We reported a dry-etching technique to create such surfaces
earlier (Sommers and Jacobi [16]), and adopted that method in
this work because it permits excellent control of the surface ge-
ometry. We note that scalable paths to mass production of such
surfaces exist. In this study, droplets in the range of 5 to 25 pL
were injected onto the surface using a precision micro-syringe and
then photographed using a KAPPA DX 10-1394a high-resolution
CCD camera typically within 2 min of deposition. Recent work has
shown that the retention force may be a function of time so the
ability to photograph the droplet in a quick and consistent man-
ner is important [17]. According to Yadav et al. [18], the error in
the measured advancing and receding contact angles due to this
droplet resting time would be less than +£0.4° and 0.6°, respec-
tively, which is within the experimental uncertainty of this work.
The camera was mounted opposite to a light source on an arm
that could be rotated around a fixed plate containing the test sur-
face and droplet. The sample and water droplet were placed inside
a vapor-tight, transparent box to minimize the effect of evapora-
tion on droplet geometry during image acquisition. Determination
of the critical inclination angle for sliding on these surfaces was
accomplished using a tilt-table assembly. Standard image analy-
sis software was used to process the images and determine the
contact angle and base dimensions of the droplet. Multiple mea-
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Fig. 1. SEM image of sample 6 (magnification = 375x) after reactive ion etching.

Table 1

List of manufactured micro-grooved surfaces.

Sample Pillar width, Pillar depth, Ratio
No. w (pm) 8 (pm) w/§
Baseline - - -

1 26.8 5.2 0.194
2 25.2 15.7 0.623
3 232 27.0 1.174
4 14.0 6.19 0.442
5 10.4 22.0° 1.964
6 4.62 6.89 1.490
7 19.9 6.89 0.346
8 24.9 6.89 0.277
g 38.0 6.89 0.181
10 15.6 26.7 1.455
1 19.6 26.7 1.158
12 353 26.7 0.643

2 Indirect measurement.

surements were recorded for each droplet volume which permitted
the critical inclination angle and related droplet diameter to be
checked for consistency. The maximum uncertainty in the mea-
sured contact angle was approximately 3° while the uncertainty
in the critical inclination angle was only 1°. Typical uncertainty
in drop diameter was 2-3% with the maximum uncertainty not
exceeding 7%. Aluminum was chosen because it is naturally hy-
drophilic and is the material of choice in many heat and mass
transfer applications. The groove geometry was chosen (over more
complex designs such as posts) because it is simple, may be more
robust than posts, and because it would be easier to micro-emboss
in mass production. A SEM image of a sample surface (w = 4.6 um,
8 = 6.9 pm) is shown in Fig. 1. Geometric data for all produced
specimens are provided in Table 1.

2. Critical droplets

The so-called critical droplet refers to a droplet large enough
that the surface tension retaining force is equal to the gravitational
drainage—such a drop is at the point of incipient motion. Under-
standing the shape and size of the critical droplet is the key to
understanding the mechanisms of droplet retention on a surface.
Perhaps more importantly, being able to accurately predict the crit-
ical droplet size for sliding on a given surface of given inclination is
essential to knowing the amount of water that will be retained on
that surface. Therefore, models which can predict critical droplet
characteristics represent important design tools and are useful in
applications where simultaneous heat and mass transfer occur. In
order to predict the critical droplet volume, V, on a surface in-
clined at an angle o from horizontal, consider a force balance in
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Fig. 2. Coordinate system and geometric description of an elongated droplet.

the x-direction (see Fig. 2). The x-component of the gravitational
force is

Fgx = pgVsina, (M

and for the case shown in Fig. 2, the surface tension retaining force
in the x-direction is

b
Fsx=—2y / ¢ cos b cos(¢p + w) dg, (2)
0

which is similar to the expression used by Extrand and Kumagai
[11]. In Eq. (2), ¢ is the distance from the droplet center to the
contact line (local radius), 6 is the apparent contact angle, and ¢
is the azimuthal angle which is the angle formed with respect to
a line parallel to the direction of the grooves. As can be seen in
Fig. 2, the cos(9) term projects the force into the x-z plane, and
the cos(¢ + w) term projects it into the x-direction; the inclusion
of w can be important for non-circular droplets with large elonga-
tions (as will later be shown to form on micro-grooved surfaces).
More specifically, the angle (¢ + w) is necessary to maintain or-
thogonality between the surface tension force and the contact line
along the curved portion of the droplet base contour. Mathemati-
cally, w is found using the law of cosines for the curved portion of
the droplet base contour such that
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Fig. 3. Critical droplet diameter on baseline and micro-grooved surface and com-
parison to existing model. The droplet size at incipient sliding was reduced by
approximately 50% for the micro-grooved surface, and the existing model failed to
predict this behavior.

1 2,2 2
cosw_<zwg>(w +7% = (L —w)?), (3)
whereas for the parallel-sided portion of the droplet bounded by
¢ <90°, w is set equal to 90° minus ¢ (i.e. w is very small). Clo-
sure of the force balance requires a description of how the local
radius and contact angle vary with the azimuthal angle, ¢(¢) and
0(¢), and a method for calculating the droplet volume accurately.
For droplets on a “flat” surface, El Sherbini and Jacobi [13,14] pro-
vided such closure by fitting experimental data, estimating droplet
shape with the two-circle method, and then demonstrating that
the model worked well for a range of fluids and surfaces.

Early data from our laboratory demonstrated that the critical
droplet size for sliding on the micro-grooved samples was reduced
as compared to the baseline specimen; furthermore, the existing
model failed to accurately predict this behavior. To demonstrate
this, the critical droplet diameter is plotted in Fig. 3 for both the
baseline specimen and sample 2 (§ = 15.7 pum) and compared to
this existing force balance model [13,14]. Good agreement was
achieved between the model and the baseline data; however, the
existing model clearly failed to predict the critical droplet size on
the micro-grooved surface. Because there was nothing to suggest
that the force-balance approach itself had somehow been vitiated
on these micro-grooved surfaces, this finding implied failure of the
assumed contact angle variation, base contour shape, drop shape
(and potentially other tacit assumptions).

The results shown in Fig. 3 prompted efforts to extend and
refine the model to make it appropriate for micro-grooved sur-
faces. A robust and well-tested model to predict the critical droplet
size for sliding on a micro-grooved surface could serve as a de-
sign tool and provide insight into the retention mechanisms. In
order to extend the existing force-balance model for flat surfaces
to micro-grooved surfaces, the empirical bases for ¢(¢) and 6(¢)
were re-examined. Moreover, the tacit assumption of a continu-
ous solid-liquid-gas contact line was re-examined. Following prior
work [13,14], reformulation of the force balance model was pur-
sued by casting base contour shape in terms of droplet elongation
(aspect ratio), and the variation of the contact angle was scaled
with contact angle hysteresis. As will be elaborated later, this ap-

proach recognizes the relevant physics. The potential for contact-
line discontinuity required a completely new approach, because
such discontinuity is not manifest on flat surfaces.

2.1. Azimuthal contact angle variation on micro-grooved surfaces

For conventional surfaces such as the baseline surface, the fit of
Eq. (4) has been shown to work well:

€0S Omax — €OS Omin 3 €OS Omax — €COSOmin 5
¢ -3 ¢
73 2

+ €0S Omax. (4)

cosf =2

where 0max refers to the apparent contact angle at ¢ = 0° and 6pin
refers to the apparent contact angle at ¢ = 180° [13]. However,
for the micro-grooved surfaces, Eq. (4) was found to poorly repre-
sent the data. Because on the micro-grooved surfaces the contact
line is ‘pinned’ on the sides of the drop, the micro-grooves confine
the droplet on the surface and impede spreading in the direction
perpendicular to the grooves. Thus the channels serve as periodic
energy barriers to droplet spreading and cause the maximum ap-
parent contact angle to occur at ¢ =90° instead of at ¢ = 0°. This
interesting phenomenon (shown in Fig. 4) was observed at var-
ious angles of surface inclination as well as for various droplet
volumes. Therefore, a new model was developed to predict this
unusual behavior of the contact angle; after some trial and error,
the following form was adopted:

€050 = Cq cos> ¢ + Cy cos® ¢ + C3 cos ¢ + Cy. (5)

In order to force the equation to capture the behavior discussed
above, it was subjected to the following constraints:

€086 p—0 = €OS Oaqy, (6)
€0s 6|4z = COSfmax, (7)
€080 p—r = COS brec, (8)
and

d(cos6) _ d(cos6) d(cos6)

= ==—2Z =o, (9)
d¢ ¢=0 d¢ p=% d¢ P=m

where 6,4y and 6 were measured on the inclined surface. The
resulting model which predicts the contact angle on these micro-
grooved surfaces is

C0S B33y — COS 6
cosf = (%) cos ¢

" (cos Badv + COS Orec — 2 €OS Omax

5 ) cos? ¢ + cosOmax, (10)

where, in this definition, 6% refers to the apparent contact angle
at ¢ =90°.

Shown in Fig. 4 are contact angle data collected on sample 2
for various droplet volumes at various angles of surface inclina-
tion. In Fig. 4a, the azimuthal variation of the contact angle is
shown for a 10-pL injected water droplet at an inclination angle
of 90°. The maximum observed contact angle for this droplet oc-
curred at a location along the side of the droplet (i.e. ¢ =90°) and
was approximately 133°. In contrast, the contact angle observed at
the advancing front was only 96°. Also shown in these figures is
the newly developed model for azimuthal contact angle variation
which yielded favorable agreement with the collected data.
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Fig. 4. Azimuthal contact angle variation for (a) 10 pL droplet, &« = 90° on sample 2,
and (b) 15 pL droplet, &« = 60° on sample 2.

2.2. Droplet aspect ratio on micro-grooved surfaces

The aspect ratio was determined by measuring the major and
minor axes of the droplet base at ¢ = 0° and ¢ = 90°. Because
the apparent contact angle was sometimes greater than 90°, side
profile images of the droplet were used in lieu of frontal images.
As shown in Fig. 5, the presence of micro-grooves on the surface
tends to elongate the droplet even for very small inclination an-
gles (i.e. Bo — 0). It was also found that droplets on these surfaces
were slightly more elongated than those on flat surfaces [13,14].
This might be expected because the channels impose a preferen-
tial direction for spreading. A least-squared-error regression was
performed as a function of both the channel geometry and Bond
number when operating in this mode. The inclusion of the Bond
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Fig. 5. The aspect ratio data reveal that these droplets are elongated even at low
angles of inclination.

number follows prior work [13,14] and recognizes the competi-
tion between potential and surface energy relevant to elongation;
the inclusion of channel geometry recognizes surface energy differ-
ences associated with liquid-vapor versus liquid-solid interfaces.
The functional form was selected through trial and error and has
no apparent physical significance.! The resulting expression for
droplets that do not (or, nearly do not) wet the grooves is

P 0.297
B =1.0+0.096Bo + 1.0230°~°81(W> ) (11)

It should also be pointed out that this correlation was con-
structed so that as groove depth vanishes (i.e. § — 0) it will col-
lapse to B = 1.0 4+ 0.096Bo, which was shown to be suitable for
flat surfaces in an earlier work [13,14]. The fit was based on a
sample size of n = 125. For 70% of the data, the experimental mea-
surement was within 15% of that given by Eq. (11); while for 85%
of the data, the difference was within 20%. The average error be-
tween the correlation and the data was 12.3% with the maximum
error not exceeding 32%.

2.3. Minimum contact angle ratio on micro-grooved surfaces

Contact angle hysteresis is captured using the ratio of the min-
imum contact angle to the advancing contact angle. The contact
angles were determined by averaging at least four separate mea-
surements for each droplet. The data are plotted in Fig. 6, along
with a curve providing a reasonable fit to these data (r = 0.84):

Omin _ _ 26080 +0.808. (12)
Oadv

The form of Eq. (12) follows that of earlier work for flat sur-
faces [13,14]. The figure provides the variation of Onin/6.qy With
the Bond number for both composite droplets and wetting droplets
on five different micro-grooved surfaces. The minimum angle 6,
is observed to decrease with increasing Bond number meaning the

! The authors recognize that for flat surfaces the fact that a least-squared-error
fit to a large data set yields a linear relationship very close to 8§ =1 + Bo/10 is
suggestive of some physical significance.
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Fig. 6. The minimum contact angle ratio varied linearly with the Bond number and
followed approximately the same relationship for all examined surfaces.

minimum contact angle decreases with increasing inclination an-
gle and/or increasing droplet diameter. Because droplets on these
surfaces are more elongated than on flat surfaces, the droplet di-
ameters are larger, and the 6y, /6.qy Tatio decreases more rapidly
with Bond number than it does for the conventional surface (the fit
to data for a flat surface is given in Fig. 6). Other researchers have
also observed this linear relationship between the minimum con-
tact angle and the Bond number. The numerical work of Milinazzo
and Shinbrot [4] is one such example. Although it is not altogether
obvious, it is interesting that the behavior of the 6p,/6.qy ratio
is approximately the same for all five of the surfaces that were
examined. It should also be emphasized that although the correla-
tion intercepts the ordinate axis at approximately 0.80, it is known
that 6, should equal 6.4, for the case of zero inclination (i.e.
Bo = 0). However, because it agreed well with the data in the range
0.3 < Bo < 2.5, the correlation was retained in its original form. Fi-
nally, it is important to note here that the contact angle used in
defining this ratio is the advancing contact angle and not the max-
imum contact angle to be consistent with earlier correlations.

2.4. Droplet base contour shape on micro-grooved surfaces

In view of the larger elongation observed for droplets on micro-
grooved surfaces, it is not surprising that a revised description of
the droplet base contour is needed. The base contour shape and
contact angle variation are both important to determining sur-
face ultralyophobicity. When modeling the shape of water droplets,
prior research has often adopted an elliptical (or even circular)
base contour shape [3,4,11]. Although this choice proves adequate
for droplets on conventional surfaces, the larger elongation on
micro-grooved surfaces calls such a choice into question. Three
possible base-contour shapes were considered in detail. Follow-
ing the work of Chen et al. [10], who used a cubic equation for
droplets on surfaces with parallel grooves, two cubic base con-
tours were considered and compared to the elliptical form. One
cubic form was obtained by starting with

¢(@) =a1¢° +a2¢* +az¢ +aa, (13)

which, when subjected to the following geometrical constraints,

Clp=o=L and &lp=rm2=w, (14)
with
dg d(’
— =0 and — =0, (15)
d¢ 4o d¢ |y—n )2
yields
16 (LB—L\ 3 12(LB—L\ ,
§(¢)—n3< B >¢ ﬂ2< 5 >¢ +1L. (16)

In Eq. (16), ¢ is the base radius, which is a function of the az-
imuthal angle, ¢. The second cubic shape considered was that of
Chen et al. [10], which can be re-written as

3 . 3 -1/3
;(¢)=[('C°LS""> +(’3'SIL“¢'>} . (17)

Finally, the elliptical form was also considered:
L

\Jcos? ¢ + B2 sin2¢.

In exploring the suitability of these three base-contour shapes for
droplets on micro-grooved surfaces, the elliptical shape was found
to be inadequate, failing to represent the parallel-side shape of the
elongated droplets. The cubic form given by Eq. (16) is not truly
parallel-sided; nonetheless, it is ‘flatter’ than an ellipse and pro-
vides a more realistic representation of the actual shape. However,
for droplets with B8 > 2, which can form on micro-grooved surfaces
(cf. Fig. 5), the shape given by Eq. (16) manifests an anomalous
side curvature producing a “bone-shaped” droplet. For this reason,
the cubic form of Chen et al. [10] (Eq. (17)) was chosen to rep-
resent the base contour shape of droplets on the micro-grooved
surface. A comparison of all three candidate base-contour shapes
and an application of Eq. (17) to the base contour of a typical
droplet is provided in Fig. 7. The ability of the model to capture
both the droplet dimensions and degree of elongation is clearly
demonstrated in the figure.

L) = (18)

2.5. Contact line discontinuity

For composite droplets, the micro-grooves create discontinuities
in the three-phase contact line. These discontinuities occur when
air becomes trapped underneath the water droplet, and the droplet
ceases to fill the micro-grooves [9,10]. In order to account for these
contact line discontinuities, an additional corrective term A was
added to the equation for finding the surface tension force. To a
first approximation,

T
FSX:—2yk/§cos€cos(¢+w)d¢>, (19)
0
where
_ 4/(;”2 Sactual 9 (20)
4[5 Capparent o

and the integration involving ¢,y Vields the portion of the
droplet perimeter in contact with the surface, and the integration
involving Zapparent yields the entire droplet perimeter. It is im-
portant to note that A is not an independent “tuning” parameter.
Rather, it depends directly upon the channel geometry, base con-
tour shape, and wetting mode and represents the fraction of the
perimeter of the discontinuous droplet shape over the perimeter of
the continuous droplet shape. Practically, A is found by summing
together the individual wetted arc lengths of the discontinuous
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Fig. 7. A comparison of different base contour shapes: (a) candidate base-contour shapes for a droplet where L =2.5 mm and B = 1.5, and (b) application of Eq. (16) to a

typical condensed droplet with 8 =1.68.
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Fig. 8. Typical A values for different base contour shapes when the droplet does not
wet the surface.

three-phase contact line and dividing this quantity by the droplet
perimeter if a continuous contact line were assumed. For exam-
ple, in the case of a circular contact line, the value of A would be
approximately 0.5 for a non-wetting droplet on a micro-grooved
surface of equal channel spacing. This value increases slightly for
an elliptical contour due to the presence of longer continuous arc
length segments on the sides of the droplet and is still larger for
the parallel-sided droplet as shown below in Fig. 8. Tabulated val-

Table 2

Calculated values of A for critical composite droplets.

Inclination w/é§ w/§ w/s

angle, o 25.2/15.7 10.4/22.0 15.6/22.7

20° A (PS) 0.67 0.66 0.66
A (ES) 0.54 0.53 0.53

40° A (PS) 0.70 0.68 0.68
A (ES) 0.56 0.55 0.54

60° A (PS) 0.71 0.69 0.69
A (ES) 0.57 0.55 0.55

80° A (PS) 0.71 0.70 0.69
X (ES) 0.57 0.56 0.55

Note: PS = parallel-sided shape, ES = elliptical shape.

ues for a few of these surfaces are given in Table 2. As shown
in this table, composite droplets on these surfaces at the onset of
sliding typically had A values that varied between 0.65 and 0.75.
By comparison, if an elliptical base contour had been used, these
A values would have been smaller and would have varied between
0.53 and 0.58, which would result in an under prediction of the
surface-tension force.
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Fig. 9. This representative image taken immediately following droplet deposition
shows that the droplet is only partially non-wetting.
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Fig. 10. Experimental data and model prediction for sample 5.

In some cases, droplets were neither fully wetting nor truly
non-wetting. An example is provided in Fig. 9, where a droplet
placed on sample 2 is in a partially non-wetted state. Some chan-
nels are wetted, some partially wetted, and some are completely
non-wetted. As a consequence, a more complex contact line is
formed than is considered in putting forward Egs. (19) and (20),
which assume a perfectly non-wetting case. Thus, the calculated
A value will always be lower than what is physically realized for
these surfaces which exhibit partially non-wetting droplets. Im-
perfect suspension of the droplet creates a contact line that is
longer and more complex than the modeled geometry, in which
the contact line is confined to the base contour, and this complex-
ity results in an under prediction of the surface-tension force.

3. Model predictions

Using the fits to data for critical droplets described in the prior
section, the force-balance model was applied. In addition to fluid
properties, the model requires as inputs the surface inclination an-
gle («), advancing contact angle (0,4y), contact angle at ¢ = 90°
(fmax), and channel geometry (8§, w). Because at incipient motion
Omin = Orec, Eq. (12) allows the receding contact angle to be cal-
culated for a given Bond number. Equation (10) then provides
the contact angle variation along the base contour. The elonga-
tion is determined by Eq. (11) for a given Bond number, which
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Fig. 11. Experimental data and model prediction for sample 10.
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Fig. 12. Experimental data and model prediction for sample 2.

is then used with Eq. (17) to obtain the base contour shape. Thus,
the model can be implemented by guessing a droplet diameter,
calculating the Bond number, determining contact angle variation
and base contour shape, then calculating droplet volume using the
two-circle method of El Sherbini and Jacobi [13,14]. Once the vol-
ume is calculated, the force balance is implemented using Eq. (1)
and Egs. (19), (20) for a specified wetting condition (Cassie-Baxter
or Wenzel). Iteration of droplet size is required until force balance
equality is achieved.

Representative results of applying this model to a few of
the surfaces experiencing the Cassie-Baxter mode of wetting are
shown below in Figs. 10-12. The critical inclination data were col-
lected by placing droplets of different volumes on the surface and
then slowly tilting the surface until the point of incipient droplet
motion. An example of a 30 puL droplet on sample 5 at the onset
of sliding is shown in Fig. 13. In Figs. 10-12, two different model
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Fig. 13. Images of a critical composite droplet on sample 5. At t = t1, the droplet is stationary; at subsequent (arbitrary) times, t,, t3, t4, the droplet is slowly sliding down

the inclined surface.
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Fig. 14. Sensitivity analysis results for the new mechanistic model of droplet retention that shows both (a) the effect of modifying 6,4y, and (b) the effect of modifying 6max.

prediction curves are shown. One is the completely non-wetting
(CNW) case which uses the definition for A shown in Eq. (20)
to handle the surface contact-line discontinuities (values shown
in Table 2). As a result, this prediction represents the ideal case
where the droplet is assumed to not wet any of the micro-grooves
and rests completely on top of the pillars—an assumption already
shown to not be entirely true. In the second model prediction, a A
(somewhat arbitrary) value of 1.0 is used to depict the partial non-
wetting (PNW) case where the surface wetting and non-wetting
effects perfectly negate each other. This treatment is equivalent to
the removal of A from Eq. (19). As a result, these model predic-
tions represent the boundaries of non-wetting. Despite the scatter
present in the data, the wetting models capture the overall trends
associated with surface non-wetting behavior quite well. In fact,

the two wetting models predict the confines of the data nicely in
each case. The small but consistent under-prediction of the exper-
imental data by the CNW model can be explained by recognizing
that the model assumes a completely non-wetting droplet when,
in reality, only partial non-wetting is actually achieved. Finally,
for micro-grooved surfaces this model represents an improvement
over water retention models currently found in the literature. For
this reason, it is useful not only for the prediction of the critical
droplet size but also for the design of future micro-structured sur-
faces.

A sensitivity analysis was performed for the input parameters
faqv and Omax by changing their values +£4° to represent the ex-
perimental uncertainty of these measured variables and then ex-
amining the effect on the model prediction. These results, which
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can be found in Fig. 14, reveal that the model is more sensitive
to the specified value of 6pax than 6,4y for non-wetting droplets,
but overall the model was rather insensitive to small changes in
both of these two input parameters. This indicates an overall ro-
bustness of the model and an ability to apply it even when an
appreciable amount of experimental uncertainty exists for these
input variables. The resulting model is useful for the prediction
of the critical droplet size for sliding of composite droplets on
micro-grooved aluminum surfaces where the channels are aligned
parallel to gravity.

4. Conclusions

Water droplets placed on a micro-grooved aluminum surface
using a micro-syringe exhibited significantly increased apparent
contact angles, and the droplet volume at incipient sliding was
reduced by more than 50% compared to droplets on a surface
without micro-grooves. No chemical surface treatment was nec-
essary to achieve this water repellency; it was accomplished pri-
marily through the anisotropic surface topography. The droplet
geometry shows an elongated base contour relative to a surface
without micro-grooves, and discontinuities in the three-phase con-
tact line are also introduced by the grooves. A mechanistic model
is presented for predicting the critical droplet size on micro-
grooved surfaces. This model extends earlier work by accounting
for the droplet geometry and contact-line changes caused by the
micro-grooves. The model is validated through comparisons of pre-
dicted to measured critical droplet sizes. The micro-structured sur-
faces introduced in this work are proposed for use in air-cooling
and dehumidifying applications, but they may have other appli-

cations where the management of liquids on a surface is impor-
tant.
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