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ABSTRACT

Research studies over the years have confirmed that dropwise condensation is
more effective than film-wise condensation since it promotes higher rates of heat
transfer. However, droplet shedding in dropwise condensation still is one of the limiting
steps in the overall condensation phenomena, even when using engineered surfaces.
Therefore, acoustic stimuli should be considered to promote adequate droplet shedding
during condensation. To that end, an acoustic system has been developed to induce
droplet shedding via substrate-droplet resonance.

To understand the relationship between droplet sliding angle and body forces
such as gravity and acoustic streaming, a mathematical model has been postulated
capable of predicting the critical sliding angle of droplets. Recently, a mathematical
physics-based model has been developed, which can predict droplet-sliding angles while
using a variety of surfaces including those with hydrophobic and hydrophilic wetting
characteristics. The model has been validated experimentally with and without imposing
acoustic stimuli under the influence of gravity. Initially, the relationship between the
sliding angle and droplet volume were investigated experimentally to obtain the contact
angle hysteresis for smooth surfaces. Then, different natural frequencies of droplets were
also examined to determine the best resonance mode of vibration that leads to lower-
sliding angles. Experimental data show that the model can be used effectively to relate

imposed resonance frequency to critical sliding angle of droplets.



Experimental results to date also show that surfaces with hydrophobic properties,
depict lower condensation rates than hydrophilic surfaces. Moreover, hydrophobic
surfaces depict droplets with less contact area and greater surface area on the vapor side,
which lead to greater thermal resistance and lower condensation rates. While imposing
vibrations to a condensation system, a surface with super-hydrophobic properties shows
an enhancement in heat flux of 45%. Furthermore, heat transfer enhancement in both
hydrophilic and hydrophobic surfaces can be achieved when the difference between
surface temperature and ambient temperature (AT) is in the range of 10 to 12.5 °C. In
summary, vibrations help shed smaller droplets faster, which allow for faster rate of
dropwise condensation. Furthermore, vibrations help mitigate the effects of surface

tension on condensation.
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NOMENCLATURE

Acceleration or amplitude of vibration excitation
Capillary force

Gravitational force

Vibrational force

Gravitational acceleration
Convective heat transfer
Dimensionless factor of a droplet
Length of droplet

Weight of the droplet

Wave factor

Heat flux

Droplet contact radius

Surface temperature

Volume of droplet

Width of droplet

Sliding angle

Aspect ratio of droplet

Surface tension

Contact angle hysteresis of droplet

Temperature gradient
vii



0 Contact angle of droplet

0, Advancing angle

0, Receding angle

p Density of droplet

w Resonance frequency
Subscript:

j Resonance mode

L Liquid

S Solid

\Y Vapor
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1. INTRODUCTION

1.1 Motivation

In condensation, it has been found that dropwise condensation promotes higher
rates of heat transfer than film-wise condensation [1-3]. During dropwise condensation,
each droplet nucleates, grows, coalesces, and sheds depending on their sizes and history.
However, poor droplet shedding still hinders the whole condensation process since it
limits the availability of nucleation sites over time. In recent studies, engineered surfaces
have been used to increase the contact angles of droplets while decreasing contact angle
hysteresis to facilitate droplet shedding and enhanced condensation heat transfer [4].
Also, it has been shown that hydrophobic surfaces consisting of hydrophilic sites can
promote faster nucleation rates, but with limited shedding ability, which could lead to
film-wise condensation [5]. Moreover, most engineered surfaces cannot last under the
conditions found in condensers. Therefore, an alternative way of promoting droplet
shedding should be explored.

Recently, it has been validated that imposing low energy, low frequency acoustic
vibrations enable droplet mobility [5-7]. Furthermore, a recent study has shown that
mechanical vibrations can enable better heat transfer rate [8, 9]. However, the exact
mechanisms that enhance droplet shedding under the effects acoustic stimuli still need to
be understood at the most fundamental level. The research aims to uncover the physical
mechanisms that would enable greater droplet shedding ability and enhanced dropwise

condensation under the effects of resonant low frequency acoustics. Future studies



should emphasize in a development of a physics-based model that accounts for the
effects of multi-mode acoustic streaming spectra on dropwise condensation.
Furthermore, the use of hydrophobic surfaces with patterned hydrophilic sites for
enhanced droplet nucleation under the effects of multi-modal resonance spectra may be
evaluated in terms of condensation efficiency. Multi-resonance vibration modes should
facilitate droplet shedding in condensation systems, which should result in enhanced
condensation heat transfer performance, when using standard surfaces.
1.2 Objectives

The main objective of the study is to understand the interplay between acoustic
stimuli and droplet shedding during dropwise condensation, from the theoretical and
experimental perspectives; when using standard surfaces. A study of the effects of
induced vibrational modes on droplet sliding has been explored analytical and
experimentally to enable lower sliding angles. Lai [6] studied the effects of droplet
sliding-off angles while imposing low-energy, low frequency acoustic vibrations. Her
experimental results revealed that resonance modes of vibrations help indeed reduce
droplet-sliding angles. However, the study did not include the development of a
governing equation capable of estimating sliding angle. Recently, a mathematical
physics-based model has been developed, which can predict droplet-sliding angles while
using a variety of surfaces including those with hydrophobic and hydrophilic wetting
characteristics. The model is capable of estimating sliding angles of droplets with and

without acoustic vibrations on the surface.



The development of the model was based on Noblin et al. [10], who developed a
model capable of estimating resonance frequencies based on the droplet contact angle
and contact line, and other droplet-surface properties. The Noblin’s model was used
initially to calculate theoretical resonance frequency values necessary to induce resonant
vibrations on each droplet-surface combination. The Noblin’s model was incorporated
into the droplet-sliding model to obtain the amplitude acceleration when using an
acoustic sensor, a condensation cell and a data acquisition system.

In summary, the overall objectives of the research are to uncover the physical
mechanisms that would enable droplet shedding ability under the influence of acoustic
streaming. A governing equation has been formulated to predict droplet-sliding angle by
considering droplet-surface properties. Sliding angle data under the effects of resonance
acoustics were obtained using a customized experimental setup, which was used to
validate the analytical model. Moreover, a customized acoustic system was coupled with
a condensation cell to determine the effects of low frequency acoustics on dropwise
condensation in terms of heat flux enhancement. Empirical correlations for dropwise
condensation under the effects of acoustic streaming on hydrophilic and hydrophobic

surfaces have been postulated and validated experimentally.



2. BACKGROUND AND LITERATURE REVIEW

Recent studies have been performed to enhance the dropwise condensation with
different wetting surface characteristics analytically and experimentally. Most of the
recent studies in the area of condensation focuses on hybrid surfaces, where engineered
surfaces have been fabricated with different nano-structure characteristics to enhance
wetting properties and condensation rate. However, little focus has been given to the use
of external mechanisms or stimuli to promote dropwise condensation. In such cases,
droplets on the surfaces should shed before transitioning to film-wise condensation since
it is characterized by depicting lower heat transfer rates. Therefore, an acoustic stimuli
approach should be developed to facilitate droplet shedding for the early stages of
condensation. In this chapter, a review of studies related to fundamental theory of
droplet wetting characteristics, surface morphology and dropwise condensation is

presented.

2.1  Fundamental theory of droplet sliding model

Surface properties from liquid/solid combinations are the most important factors
to describe the retention force of droplets on solid surfaces. The wetting characteristics
of droplets have been examined in previous investigations to predict analytically the
retention force of liquid droplets [11]. Furmidge [12] predicted a retention force factor

for liquid droplet on a solid surface, as follows:

1
Y4 (cos Bz — cos 0,)|? )

FZHM
P




where 8,, 6z, 8y, Y., and p are the advancing contact angle, receding contact angle, the
arithmetic means of advancing and receding angle, the air/liquid surface tension and
density of the liquid. To predict the retention force acting on the droplet, several factors,
including contact angle and surface tension should be considered.
2.1.1 Contact angles on distinctive surface wetting properties
Studies have shown that the droplet’s contact angle varies depending on the

morphology of the surface [13-15]. Contact angles are related to liquid surface tensions
and they can be calculated from liquid droplets placed horizontally on distinctive
surface-property combinations. Contact angles can be related to the Young’s equation
[13-15], which takes into account surface tension forces between distinct phases
(liquid/gas, solid/gas, solid/liquid), as follows:

Y16 €0SO = Y5 — Vsi (2)
Fig. 2.1 shows the relationship between the surface tension components for two cases.
When the contact angle 6 is lower than 90°, the surface is considered hydrophilic, and if

the contact angle @ is higher than 90°, the surface depicts hydrophobic characteristics.

(b)

Yig

| _— ———————————

Fig. 2.1 Surface tension components and contact angle of a droplet on (a) hydrophobic
surface, (b) hydrophilic surface



Engineered surfaces, those with hydrophobic and hydrophilic combined
characteristics, have been studied by several researchers [16] and have been determined
that they do not last over an extended period of time. Although such surfaces facilitate
droplet shedding due to their hydrophobic characteristics, investigations with hybrid
surfaces usually involved the pinning effect, which is detrimental to droplet shedding.
Most of the typical studies with hybrid surfaces considered the Wenzel and Cassie-
Baxter cases, where surfaces are manufactured with nano-structured pillar-to-pillar
hydrophilic and hydrophobic properties [15-17].

Many researchers have continued to develop such surfaces, with distinct wetting
properties and have studied the relationship between surface energy and contact angle
hysteresis from different perspectives. As shown in Fig 2.2, the Cassie-Baxter state
depicts higher contact angle compared to the Wenzel state as the droplet fall within the
hydrophilic-wetting properties region. In most cases, studies focus on the surface energy
based on the modified Young’s contact angle as follows [16]:

E =v.¢[ALc — cos 6,4,] (3)
where A, is the projected base area and 6, is the contact angle. Hence, the surface

energy based on all wetting conditions is given by:

E = vic [Ae = Ay ([rpfu + 9L = fi)] cos b — (1= £ (1= 9))] @

Due to a variety of existing nano-structured surfaces manufactured, many researchers

have modified the Young’s equation to take into account the homogeneous and



heterogeneous wetting characteristics of engineered surfaces [16]. Due to the pinning

effect that occurs on hybrid surfaces, they are not considered in this study.

(@) (b)

] I

Fig. 2.2 Droplet with different wetting characteristics of (a) Cassie-Baxter condition and
(b) Wenzel condition

2.1.2 Contact angle hysteresis effect

Hysteresis can be defined as an activated energy barrier that prevents any droplet
dynamic behavior on an interfacial area to occur [18-19]. When a droplet is placed on an
inclined surface, an external force (i.e. gravity) acts upon the droplet, which it may
overcome the energy barrier caused by the hysteresis effect. The droplet deforms and
starts sliding off the surface, where the advancing angle (6,) of the droplet becomes
larger than the receding angle (65) as shown in Fig. 2.3. Therefore, the equilibrium
contact angle changes and the difference between the advancing and receding angle is
called the contact angle hysteresis [20]. The contact angle hysteresis (CAH) is the most
fundamental concept for droplet shedding and is mathematically defined as

A =6, — 6 ()

Moreover, sliding on droplets happens only if it overcomes the energy barrier caused by

the hysteresis effect and it can easily be achieved by motion of liquid drops [21-22].
7



Experimentally, the contact angle hysteresis may be determined from droplet static

images and image-processing software [23].

Fig. 2.3 Depiction of contact angle hysteresis

2.1.3 Relation between contact angles, drop shape, retention force, and sliding
Several investigations had been overtaken to formulate the volume of a semi-
spherical droplet with different surface-property characteristics. It has been seen that for
very small contact angle hysteresis, the curvature of the droplet, with nearly a circular
contact line, forms into a semi-spherical cap [24]. Methodologically, the volume of the

droplet can be expressed as follows:
w
Q= §R3(2 + cos 0)(1 — cos 0)? (6)

The equation shows that knowing the volume and diameter of the droplet, contact angle
can be directly determined from Equation 6.
Sliding angle of droplets on inclined surfaces have been studied for decades [25-

26]. For the droplet to move, the droplet must overcome the energy barrier caused by the



hysteresis effect. It has been postulated that, due to the hysteresis effect, a droplet that
remain at rest on a tilted plane [24] can be expressed as follows:

nry(cos 6, — cos8,) = pQgsina (7)
where r is the radius contact line (r = R sin 6) of the droplet, p, y and g are the density

of the liquid, surface tension and gravitational acceleration. Therefore, for a steady

1

droplet, the capillary length of the droplet (k=1 = (pLg)E) should be larger than the
droplet size.

A retention force occurs when a liquid droplet resting on a surface start moving
at an inclined stage. If receding angle is greater than zero, e.g. 6, > 0, and the force

exceeds the critical value, the droplet starts sliding-off the surface. The retention force is

related to advancing and receding angles and it has been modeled as follows [27-28]:
F
?R = k(cos 6, — cos 8,) (8)

The shape of the droplet, k, may vary depending on the droplet length and shape. It has
been investigated that for a circular contact line, the shape factor k can be predicted as

4 /m [29]. For parallel-side droplets, based on Dussan V. and Chow experiments [30], for
highly elongated droplets, with constant receding and advancing angles, the shape factor
can be predicted as k = 2. However, Extrand et al. [27] derived an equation to estimate
the shape factor regardless of droplet elongation as follows:

2 (™" 1
k = ——f ¢ cos ¢ [B2 cos? ¢ + sin? ¢z d¢ 9)
T Jo



where £ is the length-to-width aspect ratio and ¢ is the angle between the droplet
contact line and radius. Numerically, as k increases with droplet elongation, the
following correlation can be applied as [27]:

k =0.23 + 1.048 (10)

where £ is the aspect ratio of the contact line in length and width, then g = % as shown

in Fig. 2.4.

Fig. 2.4 Plane view of liquid droplets with most common shape at an inclined plane

2.2 Vibrations of liquid droplets

An acoustically vibrational stimulus has been considered as an effective way to
promote droplet motion on surfaces. The following section discusses studies that were
previously performed to understand the influence of using resonance-induced acoustics
for droplets motion to help overcome the hysteresis effect.
2.2.1 Contact line oscillation modes

Oscillations and inertial contact line dynamics of spherical liquid droplets have

been studied for more than a century. The resonance of droplet oscillations can be

10



described by the frequency induced where the maximum peak occurs [31]. Previously,
Lamb [32] formulated an expression that determines the resonant frequency with

different modes of vibrations as follows:

g

f = \/ I(1-1(1-2) 3on¥ (11)

where £, is the resonance mode frequency, [ is the mode number, V' is the droplet
volume, o is the surface energy and p is the liquid density. However, droplet
characteristics, such as droplet contact line and droplet contact angle are not considered
in the Lamb equation. Therefore, the equation does not account for the sessile drop
vibration adequately with respect to surface-property characteristics.

A recent study on vibrated sessile drops on wetting properties [10] focused on the
determination of a model that predicts the resonance frequencies for a fixed contact line
(known as the Type-I modes) and a fixed contact angle with free contact line (known as
the Type-11 modes). Immobile contact line (Type I) is characterized with low amplitude
acceleration, as follows:

a = —(2nf)%uy cos(2rft) (12)
where u, is the displacement of the substrate. For a liquid droplet, at Type-I mode, the
contact line remains pinned and the contact angle oscillates within time [10]. However,
as for Type-1l mode, while yielding higher amplitudes, the vibrations imposed to the
substrate overcome the energy barrier from the hysteresis effect [33-35], which leads to

motion of the contact line of the droplet [10].

11



2.2.2 Prediction of resonant modes of vibrations in droplets

The prediction of resonant modes of vertical vibrations have been undertaken by
Noblin. [10] by taking into account different surface-wetting characteristics. Noblin
performed investigations on the effects of vertical vibrations on droplets and proposed a

model that considers both droplet contact and contact line as shown in Fig. 2.5.

Fig. 2.5 Droplet contact schematic illustrating droplet contact angle and contact line

Based on immobile contact line Type-1 mode, the proposed model for vertical resonance

frequency w; was postulated as follows [10]:

2 _ Y 3 q;V
wj = (gqj +[—)qj)tanh <$ (13)

where j is the resonance mode number, g; is the wave factor (1-D capillary-gravity
wave), a is the drop contact radius (a = R sin 8), and p is the half arc length of the

droplet. The q; is defined as:

_n(j—0.5)
o

q; (14)

12



For sessile droplets, p is based as a function of volume and it was calculated based on
experimental results. Moreover, an expression for the half arc length of the droplets has
been developed as follows [36]:

p = RO (15)
and based to Quéré [24], the droplet radius can be obtained based on contact angle and

droplet volume:

W[

(16)

R ( 3V )
(1 — cos0)?(2 + cos )
The vibrational model help identify the corresponding frequency for each

droplet-surface combination as droplet excites through resonance. To overcome the
energy barrier from contact angle hysteresis, several types of imposed frequencies
should be considered to determine the highest lateral motion of the liquid droplet. The
Noblin’s model can be used to determine the greatest level of lateral motion for each
droplet-surface combination. Noblin [10] characterized different vibrational modes in his
model, where it consists of a superposition of eigen-modes. It has been observed that
droplet excite the highest when the number of nodes along the drop profile increases.
While inducing vibration to the substrate, drop profile varies depending on the resonance
mode imposed. Fig 2.6 shows that imposing the first and second resonance modes, 2 and

4 nodes can be observed, respectively [10].
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Mode j=1 Mode j =2

(a) (b)

Fig. 2.6 Droplet schematic depicting modes of vibrations of mode (a) j =1 (2 nodes) and
(b) j = 2 (4 nodes).

A recent study by Celestini and Kofman [37] reveals that a simple oscillator
model is capable of estimating the vibration mode of submillimeter-size droplets. The
semi-analytical expression for eigenfrequencies for droplet and energy dissipation was

developed, as follows:

- 6Yh(6) 3
®o _\/p(l—cose)(2+c050)R ’ a7

where h(8) is numerically computed and is dependent on wetting contact angle, 6. h(6)
is based on the assumption that the deformations of droplets are a direct result of surface
energy minimization under the influence of an external force. Based on vibration studies
[10, 37], the calculated frequency values accurately agree with the experimental results.
Despite recent studies that considered the use of acoustics on droplet morphology, very
few studies have been undertaken to understand the role of low frequency acoustics on

droplet mobility.
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2.3 Condensation heat transfer

The study of dropwise condensation has been investigated over the past century.
New surfaces have been designed and fabricated to enhance and promote dropwise
condensation heat transfer. In addition, the heat transfer coefficient for dropwise
condensation is about an order of magnitude greater than those of film-wise
condensation. It has been shown that in order to maintain dropwise condensation, it is
desired that the surface should exhibit strong wetting characteristics (i.e. hydrophobic
characteristics). In this section, a brief review of studies regarding to dropwise
condensation is presented.
2.3.1 Dropwise condensation

In the process of condensation, condensation occurs when the vapor’s
temperature is below the saturated temperature. Several investigations in condensation
heat transfer have been undertaken over the years. Schmidt et al. [1] investigated the
process of the condensation heat transfer on surfaces. As the surface condenses, discrete
droplets at the surface nucleate, grow, coalesce, and shed away from the surface. There
are two types of modes of condensation, film-wise and dropwise. In film-wise, a
condensate thin-film covers the surface whereas in dropwise, gravitational forces
overcome the capillary forces where droplets do not coalesce and slides off the surface.

Rose [3] proposed an analytical approach to predict dropwise condensation under
certain conditions. They also concluded that a higher order of magnitude in heat transfer
coefficient can be achieved in dropwise condensation than in film-wise mode. However,

even in dropwise condensation droplet tends to grow up to a maximum size, which
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frequently lead to film-wise after droplet coalescence. Therefore, a reduction in droplet
size and greater droplet departure rate has been studied since it promotes higher rates of
heat transfer per contact area [38], specifically before the onset of droplet coalescence.
Investigations have proposed that surfaces with hydrophobicity properties reveal faster
droplet shedding, resulting in enhanced heat transfer [39].

To facilitate droplet shedding, mechanical vibrational systems have been
manufactured to prevent large droplet growth and to enable greater heat transfer rate [9,
40]. It is also known that the number of droplets on a surface affect condensation. Le
Fevre and Rose [9, 41] derived a drop size distribution equation to evaluate the effect of

condensation droplets as follows,

2

NG = —— ( r ) 3 (18)

2
3nr Tmax \Tmax

Recently, a study by Migliaccio [9] has shown that lower frequencies and imposed
vibrations enable better heat transfer during dropwise condensation. Furthermore,
imposed mechanical vibrations on surfaces limit the size and number of large droplets,

which leads to improvements in energy efficiency and performance.
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2.4 Conclusion

Previous studies demonstrate that while imposing resonant vibrations, contact
angle hysteresis may be overcome. However, an analytical model has not been proposed
or validated, which could be used to determine the sliding-off angle of droplets on
sliding surfaces. Furthermore, an acoustic system should be developed to facilitate
droplet shedding and hence improve the overall condensation heat transfer performance

by taking advantage of the droplets’ resonant frequencies and vibrational mode.
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3. DEVELOPMENT OF PHYSICS BASED MATHEMATICAL MODEL
FOR DROPLET SLIDING
An important consideration in the study of dropwise condensation, it is the ability of
droplets to slide on hydrophobic and hydrophilic surfaces. The following two
subsections shows how physics-based models were developed to estimate sliding angle
with and without the effects of imposed resonant frequencies. Therefore, the postulated
model was validated using droplet sliding angles and droplet volumes through a

customized experimental setup.

3.1  Formulation of droplet sliding-off angle without imposing acoustics
The governing equation for the sliding droplet model is based on the balance of
forces acting on the droplet at the moment it starts sliding off the surface. The applied
forces on the droplet consist of capillary and gravitational forces, and vibrational forces
(when vibrations are imposed). The sum of forces equation (3F = 0 ) under
consideration (without and with vibrational force) are as follows:
Feap+ Fy =0 (19)

Foap +E, +F, =0 (20)

where F_,, is the capillary force, F; is the gravitational force, and F, is the vibrational
force, as shown in Fig. 3.1. One important consideration in the development of a droplet
sliding angle model is the effect of viscous forces on droplet sliding. To understand the
potential effect of viscous forces, the viscous force (dissipation) to surface tension force
ratio or Capillary number (Ca) should be determined. The Ca number is as follows:

18



v
Ca = “7 «1 (21)

If the capillary number, Ca, is much less than one, the surface tension effects are more
dominant than viscous forces (i.e. friction force), see Appendix A for more details. As
shown in Appendix A, neither the macroscopic flow or pinning-depinning friction
mechanism within each droplet is significant enough to counteract the effects of surface
tension and body forces (i.e. gravity) on droplet sliding. Therefore, F,;s is considered to

be negligible and not taken into account in the governing equation.

(b)

Fig. 3.1 (a) Tilted surface at a specific droplet sliding angle a; advancing and receding
angle, and (b) experimental droplet sliding
In the process of developing the mathematical model to estimate accurately the
sliding angle of a droplet on an inclined plane without the vibrational force (Equation
19), the following equation has been considered, as follows:

mg sina = kry;;(cos 6, — cosb,) (22)
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where F; = —mgsina, Feap = kry g(cos 6, — cos 8,), v, is the surface tension, 6, is
the receding angle, 6, is the advancing angle, m is the mass of the droplet, g is the
gravitational acceleration, and « is the sliding angle. The droplet contact radius (r) is
used to estimate F,p,, and it is defined as r = R sin 6. The shape factor, k, is the
dimensionless factor that accounts for the aspect ratio for a droplet with non-spherical
shape during sliding [27]. The k value varies depending on the droplet length and shape,
and it can be obtained from using Equation 10. Hence, the governing Equation 23 is
solved for sliding angle, a, as follows:

pVg . : kryLg
sina = sina = (cos @, —cosB,) 23
kryLe Vg " ¢ (@)

cos O, —cosf, =
According to Quéré [24], the volume of the droplet can be expressed as follows:
Vs
Q= §R3(2 + cos 0)(1 — cos 0)? (24)

In the following expression, (0 is expressed as V, which is inserted to Equation 23, as

follows:

1 T
cos B, —cos @, = RSn07. [pg sina 3 R3(2 + cos )(1 — cos 0)2] (25)

where r = R sin 6. By simplifying Equation 25, the following equation is obtained:

T 2+ cos6)(1 — cos 6)?
COSBr—cosea=§.%,Rz_( S?IEH ) .

sina (26)
It has been defined that the contact angle hysteresis of a sliding droplet is A6 = 6, — 0,..
Moreover, as a droplet is placed on an inclined plane, the advancing angle of the droplet

becomes larger than the receding angle, and it can be estimated using the following

relationships:
20



6r=0—— (27)
A6 28
0a=9+7 (28)

From trigonometry identities and using the “sum-to-product” rule, the following

expression from the left-hand side of Equation 26 is obtained as follows:
A6 A6 AB
cos (0 - —) — cos (0 + —) = 2sin @ sin (—) (29)
2 2 2
If % « 1,then sin% ~ %, (e.g. AG =~ 10° = 0.17 rad and Af = 20° = 0.34 rad.)

Therefore, Equation 26 can be simplified as follows:

2+ cos0)(1 — cos9)?
sin9-A9=£-ﬂ-R2-( ),( ) -sina (30)
3k VYic sin 6
Solving for «a,
3k Vi 1 1

=sin"l|— -—.sin%0 - -A9- — - 31
@ =sm T pg sl R?2 (2+ cosB)(1— cosB)? (31)

By considering the following assumption,

A A6

sin—- ~ — (32)

Equation 31 can be transformed as follows:

6k V. AG\ 1 1
=cin~l|l— .22 .¢in2 89 - <j . —. 33
@=smoT sin”0 sm( ) R? (2+ cosB)(1 — cos 0)2] (33)

where k = 0.23 + 1.048,and § = % is the aspect ratio of the droplet in terms of length

and width measurements. In summary, Equation 33 can be used to estimate sliding angle

accurately without the effects of imposed vibrations.
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3.2  Formulation of droplet sliding-off angle under the effects of imposed
resonant acoustic frequencies

To estimate the sliding angle under the effects of resonant vibrational excitations,
a maximum vibrational force should be taken into account in the sum of forces equation.
Therefore, the balance of forces when taking vibrational forces is as follows:

kry,c(cos 8, —cos8,) —mgsina — pVa, =0 (34)

where a, is the acceleration or amplitude of the vibration excitation along the downward
sliding direction. The sum of forces equation is based on the assumption that static
contact angle data is sufficient to estimate sliding angle even under the effects of
dynamic oscillations of droplets. The acceleration or amplitude of the acoustic
oscillation is measured experimentally.

To determine the sliding angle of droplets under the effects of imposed acoustics,
Equation 34 is transformed as follows:

pVgsina + pVa,

0, — 0, = 35
cos B, — cos 6, Ky (35)
Substitute r = Rsinf and V = §R3(2 + cos 8)(1 — cos 8)?, then
1 T
— =~ [(Zps3 - _ 2
cos B, — cos 8, FyioRsind [(3 R p) (gsina + ag)((2 + cos 8)(1 — cos 6) )] (36)
Previously, it has been defined that 6, = 6 — Az—e and g, =0 + Az—e. Then, using
trigonometry identities on the left-hand of Equation 36, the following expression is
obtained:
A6 A6 AB
cos (9 - 7) — cos (9 + 7) = 2sin 0 sin (7> (37)
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Hence, (from previous derivation, e.g. Equation 30,)

1 s
sinf - AQ = Ty Rsing [§ R3(2 + cos 6)(1 — cos 9)2] [pg sina + pay] (38)
And solving for «a,
3k Vg 1 1 Qo (39)
=sin~!|— -2 .5in%0 - A — - - —
*=S T pg sin”6 - AY R?2 (24 cosB)(1—cosB)?> g

A6

Assuming that sin (7) ~ Az—e for low contact angle hysteresis, the following expression

for estimating the sliding angle of the droplet while imposing vibrations to the droplet is

as follows:

(40)

L 20 - si (AH) 1 1 ay
e=smoT st SN2 R2 (2+cosB)(1—cosB)> g

The derived expressions have been validated using droplet sliding angles, droplet
volumes, excitation frequencies through experimentation, as shown in the Results and

Discussion chapter.
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4. EXPERIMENTAL SETUP AND PROCEDURE
To accomplish the goals of this research project, an experimental set-up was
developed to conduct droplet-sliding observations. The set-up was used to validate the
developed physics-based mathematical model described in Chapter 3. The induced
acoustic vibrational system used for droplet shedding experiments consist of a high-
speed camera (Photron SA3,) amplifier, data acquisition system, speaker, acoustic
sensor, backlight illumination, computer and tilting stage system as shown in Fig. 4.1

and Fig. 4.2.

Acoustic Sensor
Fine- T|It|ng Stage

Coarse-Tilting Stage

”%
4?{/,,%/

/

High Speed Camera

Backlight illumination

Speaker

Horizontal Stage

Amplifier 1/0 card

Fig. 4.1 Experimental setup to validate the developed sliding models [6]
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Fig. 4.2 Experimental setup for droplet sliding

Experiments were performed at a room temperature (21 — 22 °C) on top of an
optical table to prevent any additional noise coming to the system that could alter the
frequency and amplitude measurements. A piece of foam was placed underneath the
speaker to absorb any additional vibrations coming from the optical table. Each

component of the experimental set up is described below.

4.1  Tilting stage system for droplet sliding

In the study of droplet shedding, a customized coarse tilting stage system has
been developed to perform droplet sliding-off angle experimentally, as shown in Fig.
4.3. An external L-shape Lego piece was designed to place an accelerometer (Model
1000A) along the sliding plane for precise amplitude measurements. It was used to

determine the imposed acceleration or acoustic amplitude as shown in Equation 40.
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. k .. . (A8
a=sin""|—-—"-sin 6-sm<—)
T pg

1 1 Ao
R?2 (2+cosB)(1—cosB)*> g

> (40)

Fig. 4.3 Tilted stage system utilized to perform droplet sliding experiments

The coarse tilting stage system can be adjusted using a goniometer (OptoSigma
Inc.) as a fine-tilting stage which provides a maximum tilting angle stage difference of
+15°. Lego blocks were used to obtain steeper inclination angles in addition to the fine-
tilting stage (£15°). Examples of inclination angles are shown in Fig. 4.4. The
inclination angles were measured by taking photographic images, which were processed

using an image processing software (imageJ).
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Tilting range of the system: Tilting range of the system:
0° —25°

15° — 45°

Tilting angle range of +£15°

= =

I so0° 70°
Tilting range of the system: Tilting range of the system:
35° — 65° 55° —85°

Fig. 4.4 Schematic of tilting range systems

4.2  Vibrational system for droplet sliding

An Infinity Reference 860w (Infinity Inc.) sound speaker was utilized to impose
vertical vibrations on the system to enhance droplet shedding as shown in Fig. 4.5. The
speaker was attached to a Russound P75 2-Channel Dual Source 75w amplifier system.
The amplifier system was used to impose vibrations to the system through the speaker.
The frequency response of the speaker was adjusted from a minimum of 20 Hz to a
maximum of 100 Hz for all vibration experiments. The same sound system (speaker and
amplifier) was used to impose acoustic signals to a condensation system as discussed
below. A tone generator software (NHC Inc.) was utilized to impose and control specific

frequencies from the speaker to the system.
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Fig. 4.5 Infinity Reference 860w that was utilized to impose vibrations to the system

4.3  Data acquisition system (DAQ board)

An accelerometer (Model 1000A) with a power supply (P5000, MISTRAS group
Inc.) was used as a sensor to measure the resonant frequencies and amplitudes or
accelerations during all vibration experiments. The acoustic sensor was attached along
the sliding plane of the coarse-tilting stage to detect the induced acoustic vibrations, as
shown in Fig. 4.3.

A NI USB-5132 data acquisition system (National Instruments, Inc.) was
connected to a computer and the accelerometer (acoustic sensor) to detect and measure
the imposed frequencies and amplitudes. The vibrational acoustic signals were collected
from NI Scope, a software from LabVIEW, which can fetch and analyze data of
frequency, voltage amplitude, and sound intensity level. The output of the MISTRAS
1000A accelerometer was converted to acceleration data by using a conversion factor of

10 mV/g.
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4.4 Image capture system for static and dynamic droplet motion

The static and dynamic motion of each droplet, including the sliding angle of the
droplet with and without imposing acoustics, was recorded using a Photron SA3 High
Speed camera as shown in Fig. 4.6. The high-speed camera was placed on a translation
stage to be able to adjust the height of the camera and to have a good view of each
droplet. During the vibration experiments, the droplet motion was recorded at a rate of

1000 frames per second with a maximum field of view of 1024x1024 pixels.

Fig. 4.6 Photron SA3 high speed camera utilized to capture droplet images

45  Standard surfaces

Hydrophobic and hydrophilic surfaces, such teflon (PTFE), copper and
aluminum, were used to validate the droplet sliding angle models (Equations 33 and 40).
Table 4.1 shows a description of the wetting characteristics of the standard surfaces that
were used to validate the physics-based mathematical models. The standard surfaces

consisted of teflon, copper, and aluminum. A SiO- surface (silicon wafer) was also used
29



in the study of droplet shedding for validation purposes, see Appendix A. The metal
surfaces were carefully polished several times to have a very smooth and homogeneous
shiny surface. Also, a functionalized copper surface was also used (i.e. hydro-copper),
which contains a nanostructured oxide layer for achieving high contact angles as shown
in Table 4.1. Since the surfaces are considered to be smooth surfaces with high thermal
conductivity (except teflon), different droplet sizes and acoustic conditions were used
when conducting droplet shedding experiments. Moreover, the same surfaces were used

when conducting condensation heat transfer experiments.

Standard surface characteristics
Surface Contact Angle Type of surface
Teflon 101° Hydrophobic
Copper 81° Hydrophilic
Hydro-Copper 153° Super-hydrophobic
Aluminum 71° Hydrophilic
SiO; 77° Hydrophilic

Table 4.1 Description of surface wetting properties for standard surfaces

4.6  Calibration of vibrational system

All vibrational experiments data were detected using an acoustic sensor and
analyzed using LabVIEW. To verify that the frequency of the vibrated system correlates
well with the frequency provided by the Tone Generator software (input), a mono-

frequency calibration test was performed. Fig. 4.7 demonstrates a good linearly

30



correlation between the input (i.e. delivered by tone generator) and output (i.e. received

by acoustic sensor) imposed frequencies.

500

= N w S
o o o o
o (@) o (@)

Output Frequency (Hz)

o

Calibration Input/Output

y=0.99%+0.9
R2=1

100

200 300 400 500
Input Frequency (Hz)

Fig. 4.7 Calibration input/output of the acoustic system

To be able to estimate sliding angle using Equation 40, the acoustic amplitude or

acceleration along the sliding plane should be known. However, such information cannot

be known a priori, unless the amount of vibration energy along the sliding plane is

related to the imposed acoustic energy delivered by the acoustic system. To understand

the relationship between the amount of vibration energy along the sliding plane and the

corresponding vibration energy provided by the system, the product of the amplitude and

frequency (vibration energy) along the sliding plane was correlated with the product of

the amplitude and frequency delivered by the acoustic system (horizontal tilting stage,

see Fig. 4.1). Therefore, a calibration test was performed to determine the relationship

between the vibration energy along the sliding plane and the imposed acoustic energy.
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The frequencies imposed varied from 20 Hz to 55 Hz. The calibration experiments have
shown that regardless of the imposed frequencies to the system, the relationship between
the imposed acoustic energy and the acoustic energy along the sliding plane correlates
well as shown in Fig. 4.8. The correlation curve shown in Fig. 4.8 demonstrates that the
imposed frequencies and amplitudes can be related linearly to the acoustic energy

measured along the sliding plane.
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Fig. 4.8 Correlation between vibrational energies imposed on horizontal and along the
sliding plane
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4.7  Procedures for sliding angle experiments with and without imposing
acoustics to the system

The following subsections describes how experiments were conducted to
measure contact angles, receding, and advancing angles, sliding angles, droplet shape
factors, natural resonance frequencies and amplitudes.
4.7.1 Contact angle measurement

To determine droplet contact angle on different surfaces, individual droplets were
placed on a horizontal aligned surface by using a 10-100uL pipette with increments of
0.2 ul (Gilson, Inc. Pipetman P100). The contact angle of each droplet, under static
conditions, was measured from images taken by the high-speed camera using ImageJ
plug-in called “Drop Shape Analysis.” Fig. 4.9 shows an image used for static droplet

contact angle measurement.

0 =100.7°

Fig. 4.9 Image used for static contact angle measurement of a 10uL droplet on teflon
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The equilibrium contact angle can also be determined from the Young’s equation [13-
15], and it is found by taking the average of the advancing and receding angle of the
droplet on a tilted plane (see Fig. 3.1):

— Qadv + erec
2

(41)
Equation 41, which considers equilibrium contact angle, contact angle hysteresis, and
droplet volume, has been validated experimentally, as shown in the results chapter.
4.7.2 Sliding angle measurement for non-vibrational cases

The sliding angle of the droplet is found from placing a droplet on an inclined
surface at different inclination angles. The droplet starts sliding off the surface when the
inclination angle is increased. If the droplet becomes steady on the inclined surface, the
fine-tilting stage is slowly adjusted until the droplet becomes unsteady and begins to
move slowly. An image of the sliding droplet was taken by using the high-speed camera.

By using the image-processing software, the inclination angle, advancing, and receding

angle were measured based on the image taken as shown in Fig. 4.10.
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0,0c = 87.3°

0.4y = 112.1°

Fig. 4.10 Measurement of advancing and receding angle when the droplet starts sliding
off the surface using a 10uL teflon

4.7.3 Droplet aspect ratio

Based on previous studies, knowing the projected droplet aspect ratio is
important for being able to estimate the retentive force of sliding droplets. Extrand [27]
developed a correlation which relates the droplet’s aspect ratio to the retentive force
based on contact angle hysteresis. In Fig. 4.11, it illustrates the elongation of the droplet
on an inclined surface. The aspect ratio of the droplet, g, is based on measuring the
length and width of the droplet. Then, the retentive force constant (or numerical constant

in [27]), k, is calculated from Equation 10. The correlation is used to calculate k, which

is then used to precisely estimate droplet sliding angle using Equations 33 and 40.
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Fig. 4.11 Water droplet on inclined surface used to determine aspect ratio, 3

4.7.4 Resonance frequency of droplets

Studies have shown that to reduce the sliding angle of the droplet efficiently, a
resonant frequency for each droplet should be imposed [35]. In this study, vibrations
were imposed by using a speaker, as shown in Fig. 4.1. The acoustic data were detected
from an acoustic sensor and were analyzed using a data acquisition system. The
vibrational values were theoretical calculated from the Noblin’s model (Equation 13),
which is based on droplet volume, droplet contact line and contact angle, and resonance
node number (discussed in Section 2.2.2). The fundamental idea of the model is to
identify the mobility and the suitable frequency of each droplet-surface combination that
may reduce droplet-sliding angles. To that end, the imposed frequency, depending on the
droplet volume, was determined to see if the resonant frequency induced higher lateral
motion for each droplet sitting on a surface. The first and second resonance modes of
vibrations were considered to determine which one (first or second) was more effective

in terms of sliding angles for all droplet-surface combinations.
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4.7.5 Sliding angle of droplets when imposing acoustics to the system

Droplets were first placed on a horizontal-inclined surface and vibrations were
imposed to observe the resonant frequency that showed the higher lateral motion within
the first two resonance modes of vibrations. Then, the tilting-stage was inclined until the
droplet became steady. Induced-vibrations to the system were imposed and the tilting-
stage was further adjusted until the droplet became unsteady and slid off the surface.
Images were taken by the high-speed camera at 1000 fps and overlaid to identify the
vibrational nodes and pattern for each droplet-surface condition. Also, inclination angle
was captured for each droplet sliding to measure the sliding angle. Fig. 2.6 shows the
droplet resonance motion with wave nodes that corresponds to the first and second
resonance mode of vibrations, respectively. Results have indicated that imposing

vibrations to the system, the resonant frequency lead to a reduction in sliding angles.

4.7.6 Measuring acceleration for validating developed physics-based
mathematical models

When imposing vibrations to the system at a specific inclination angle, droplet
sliding angle reduces compared to the non-vibrational sliding angle conditions. An
accelerometer was attached along the sliding plane to obtain experimental acceleration
values in m/s? as detected by the NI-Scope software. For each predicted theoretical
resonant frequency (Equation 13), a specific amplitude or acceleration was obtained
experimentally. Therefore, the amplitude obtained was recorded and used in Equation 40

to validate the model and to compare the theoretical with experimental results. The
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results show that Equation 40 is in a good accordance with experimental data and can be
used effectively to relate imposed resonance frequencies to critical sliding angle of

droplets.

4.8  Dropwise condensation

After conducting droplet sliding angle experiments, it became clear that imposed
acoustic vibrations should indeed facilitate droplet shedding during condensation. A
recent study shows that it is possible to enhance the condensation heat transfer rate by
using a mechanical vibrational system [9]. To understand better the role of induced
acoustics on dropwise condensation, an experimental setup has been designed and tested.
The condensation experimental setup consists of five main operating components:
Peltier cell, humidifier, power supply, data acquisition system and temperature
controller, as shown in Fig. 4.12 and Fig. 4.13. The following subsections describe the
experimental procedures used to determine the condensation heat transfer rate from
standard surfaces (Table 4.1), including a hydrophobic (painted metallic) aluminum

surface, with and without the imposed of acoustics into the system.
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4.8.1 Description of the condensation components

The internal components, e.g. Peltier module, humidity probe, heat flux sensors,
thermocouples, were mounted inside a 20 cm x 20 cm designed clear polycarbonate
sheet box condensation system (Fig. 4.12). In this study, the main components of the
condensation experiment, the Peltier thermo-electric cooler module, the temperature
controller, the humidifier and the HFS-4 heat flux sensor, are described below.

The Peltier Thermo-electric cooler module, as shown in Fig. 4.14, was used to
conduct the condensation experiments since condensation occurs when the surface

temperature of the substrate is lower than the dew point temperature.

Fig. 4.14 Peltier Thermo-Electric Cooler Module and Heatsink Assembly [42]

When the Peltier module is connected to a power supply, the module cools down
at a minimum temperature of —16 °C, which creates crystalized droplets and may affect
the condensation study. To avoid temperatures below 0°, a temperature controller
connected to a power supply, as shown in Fig. 4.15, has been installed to the module to

control and monitor surface temperatures. To control the temperature of the module, a
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type-T thermocouple was placed on the surface’s module and connected to the
temperature controller. In this study, surface temperatures of the module and standard
surfaces (Table 4.1) were varied from 2°C to 15°C to understand the role of surface

temperature on heat flux with and without imposing acoustics on the surface.

Fig. 4.15 Fuji Electric PXR4 Temperature Controller [43]

A humidifier, as shown in Fig. 4.16, has been installed to create a moist air
environment in the system to enable dropwise condensation. One inlet and two outlets
were perforated in the polycarbonate box so moist air could enter and exit the open
condensation system. Since the system was open, all condensation experiments were
conducted in the presence of non-condensable gases (i.e. air). To prevent a large
moisture environment inside the condensation system, a perforated polycarbonate sheet
was designed and placed above the Peltier module to regulate the amount of mist or
moist air interacting with the surface. The humidity ratio was measured by using a
humidity and temperature sensor with USB output (Omega). Humidity ratio data was

obtained from the TRH Central (Omega Engineering, Inc.) software.
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Fig. 4.16 PureGuardian H8000B Ultrasonic Warm and Cool Humidifier [44]

Thin film heat flux sensor models HFS-3 and HFS-4 (Omega Engineering, Inc.),
with a type-K thermocouple integrated, were used to measure the heat flux and surface
temperature in each surface case. The heat flux sensor (HFS-4) was sandwiched between
similar standard surfaces and placed on the surface of the module, as shown in Fig. 4.17.
The heat flux sensors were connected to an Agilent data acquisition system to measure

heat flux and surface temperatures.

Peltier module
Copper l
. —
HFS-4 o

Fig. 4.17 HFS-4 sandwiched between similar standard surfaces
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4.8.2 Calibration of thermocouples and heat flux sensor

The thermocouples and heat flux sensors were calibrated to ensure reliable
surface temperature and heat flux measurements. The type-K thermocouples were
attached on top of the Peltier module’s surface and connected to a DAQ. Both
thermocouples depict similar temperature readings when different surface temperatures
were imposed by the Peltier module.

To calibrate the heat flux sensor (HFS-4), a calibration system was developed to
measure the surface temperature and heat flux within a medium consisting of a metallic-
aluminum cone to ensure uniform heat flux. Aluminum and copper surfaces were used

for heat flux and surface temperature measurements because of their good thermal

conductivity values. The thermal conductivity of copper and aluminum is about 3.88%{

and 1.67%{ , respectively. The sample’s thickness was approximately 0.3175 cm. The

entire system was insulated to minimize any heat losses. The insulated metallic
aluminum cone was placed below a heater plate for ensuring uniform heat conduction, as

shown in Fig. 4.18.
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Fig. 4.18 Calibration system using a heater plate

Copper (orange) and aluminum (grey) surfaces, as shown in Fig. 4.19, were
positioned and sandwiched within the heat flux and temperature (thermocouple) sensors
(HFS-3 and HFS-4) and placed on top of the hot medium. The heat flux sensor (HFS-4)
used during the experiments has an accuracy of +2%. A beaker with cold water and ice
was placed on top of the standard surface for greater surface temperature gradient and
heat flux. An average period of 60 sec was used for recording heat flux and surface
temperature values. Results were acquired using the Agilent data acquisition system and
were analytical analyzed using Excel. Results show a good correlation between heat flux
(W/cm?) and voltage (mV) ratio when different numbers of surfaces were used, as

shown in Fig. 4.19.
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Fig. 4.19 Schematic of the heat flux and thermocouple calibration system

4.8.3 Dropwise condensation experiment protocols

Four different types of good conductive materials including super-hydrophobic
copper, copper, aluminum and hydrophobic metallic surface (painted aluminum) were
used in the condensation experiments with and without imposing acoustic stimuli. The
dimensions of the materials were cut to be 2.5cm by 2.8cm to match the same
dimensions as the heat flux sensors. A thermocouple type-T was placed on the cold-side
of the Peltier module, which was aligned vertically to allow for adequate droplet
shedding. The thermocouple was connected to a temperature controller to control the
surface temperature of the Peltier, as described above. The Peltier module surface
temperature was varied from 2°C to 15°C. All experiments were conducted in a 5-minute
period for each fixed surface temperature condition. The ambient temperature was in the
range of 21 to 22 °C.

The humidifier was used to create moist air inside the open condensation system

as described above. The TRH Central software was used to fetch the humidity ratio data
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detected by the humidity probe. The acquired humidity ratio data were then recorded and
analyzed using Excel.

Two of the same standard surfaces (aluminum and copper) were placed on the
surface of the module. The HFS-4 sensor, with same surface dimension, was sandwiched
between both surfaces (see Fig. 4.17). An Agilent bench-link data logger software was
used to fetch heat flux and surface temperature data detected by the HFS-4. The HFS-3
thermocouple was used to measure the ambient temperature inside the condensation
system. The acquired data were recorded and analyzed using Excel.

Experiments were conducted when acoustics were absent and present in the
condensation process. The condensation system was placed on top of a speaker (Fig.
4.12) and the imposed sweep frequency response was varied from 20 Hz to 60 Hz
depending on the resonant frequency for each droplet-surface combination based on the
corresponding wetting characteristics. Images and videos of droplet-surface
combinations were recorded during the condensation process when acoustic stimuli were
imposed. In addition, droplet size distribution of each surface was obtained from images
taken during condensation. Based on experimental results, empirical correlations for
dropwise condensation under the effects of acoustic streaming on hydrophilic and

hydrophobic surfaces were postulated and validated, as shown in the next chapter.

46



5. RESULTS AND DISCUSSION

In this chapter, droplet characteristics and sliding on standard surfaces are
presented based on experimental data and theoretical calculations. In addition, resonant
frequencies and amplitudes were identified through calculations and verified via
measurements to validate the acoustic model. The relationships between the first two
resonance modes of vibrations were studied as a baseline to understand droplet motion
behavior and to overcome the energy barrier caused by the droplet hysteresis effect to
facilitate sliding. As a result, once the theoretical model has been proven with and
without imposing vibrations, the effects of acoustics on condensation was also studied to
determine if induced-acoustics enhance the overall heat transfer performance through

enhanced droplet shedding events.

5.1  Validating the droplet sliding angle model without the effects of acoustics
The theoretical sliding angle values for individual droplets were calculated from
Equation 33. From the model, the gravitational acceleration g was set to 9.81 m/s?, the
surface tension y,; was set to 0.072 N/m (surface tension of water in air at 25 °C),
density of the water p was set to 998.2 kg/m? (density of water at 25 °C), and the other
terms including static contact angle, droplet radius, advancing angle and receding angle,
and k were calculated from experimentation. The droplet radius was obtained from
Equation 16 based on droplet contact angle and droplet volume. The advancing and
receding angle (A8) and contact angle (6) of the droplet were obtained from images

taken by the high-speed camera at the moment when each droplet slowly slides off the
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surface. The retentive force constant, see Section 4.7.3, was obtained from an image of
the projected view of the sliding droplet, as shown in Fig. 4.11. Each image was then
processed by an image-processing software to measure receding and advancing angle,

and critical inclination angle, as shown in Fig. 5.1.

Teflon Copper Aluminum

Fig. 5.1 Measurement of advancing and receding angle when droplet start sliding off the
surface without imposing acoustics

Based on experimental observations during droplet sliding, hydrophobic surfaces
depict better sliding than those surfaces with hydrophilic characteristics. Fig. 5.2 shows

that sliding angle decreases with increasing droplet volume for all cases.
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Fig. 5.2 Relationship between droplet volume and sliding angle

A recent study by Pierce et al. [45] observed a similar trend in which bigger
droplets exhibit better shedding with higher contact angles. In a recent study by Bommer
et al. [15] showed that contact angle hysteresis increased with droplet volume slightly;
however, contact angle hysteresis increases significantly with titling or sliding angle.
Fig. 5.3(a) shows contact angle hysteresis is directly proportional to droplet volume.
Furthermore, Fig. 5.3(b) shows that sliding angle is inversely proportional to contact
angle hysteresis. Moreover, the experimental data show that hydrophilic surfaces depict
higher contact angle hysteresis than a hydrophobic surface for the same sliding angles.

In general, larger droplets overcome the energy barrier more than smaller droplets
regardless of surface type, because the associated retentive force is inversely

proportional to contact angle when considering the same droplet volume.
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As part of the study, the calculated sliding angles acquired from the model were
compared with experimental results, as shown in Tables 5.1 through 5.3. Copper depicts
better correlation based on theoretical and experimental data with a 3.5% relative error.
Based on all experimental results, the theoretical sliding model is in a good accordance
with experimental sliding data with a combined relative error of 4.5%, as shown in Fig.
5.4. Therefore, the theoretical values can be used effectively to relate contact angle
hysteresis and static contact angle to critical sliding angle of droplets. In addition,
experiments show that the contact angle of the droplet remains constant regardless of

droplet size or volume, as expected.
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Volume

Surface (L] 0 qav Orec A0 k  aiheo  Qexp  Error
10 112.1° 87.3° 24.8° 14 416° 435° -42%
Teflon 20 115.0° 86.3° 28.7° 14 283° 29.9° -52%

6=101.3° 30 1154° 85.8° 29.6° 14 226° 21.9° 3.5%
40 122.4° 85.9° 36.5° 14 20.9° 195° 7.3%

Table 5.1 Droplet theoretical and experimental data without imposed vibrations on teflon

surface
Volume
Surface L] 0qav Orec A0 k  Qtheo  @exp  Error
20 949° 65.1° 29.8° 15 396° 415° -4.6%
Copper 30 97.5° 645° 33.0° 15 316° 323° -21%

6=180.8° 40 98.3° 63.3° 35.0° 14 26.8° 257° 4.4%
50 99.8° 63.0° 36.8° 15 245° 24.0° 2.2%

Table 5.2 Droplet theoretical and experimental data without imposed vibrations on
copper surface

Surface Volume 0 qdv Orec A0 k (theo  QXexp  Error

[mL]
20 87.7° 57.0° 30.7° 17 52.6° 49.9° 5.4%
Aluminum | 30 90.7° 51.9° 38.8° 15 425° 41.8° 1.6%
0=71.1° 40 92.3° 48.3° 440° 15 37.1° 36.6° 1.4%

50 93.7° 47.4° 46.3° 14 30.8° 28.7° 7.3%

Table 5.3 Droplet theoretical and experimental data without imposed vibrations on
aluminum surface
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Fig. 5.4 Comparison of the theoretical and experimental values based on sliding terms

5.2  Resonance frequencies and resonance modes of vibrations using the Noblin’s
model

This section presents the theoretical and experimental results for droplet
resonance motion obtained from Equation 13. An investigation of the droplet motion
behavior depending on the resonance mode of vibration is presented. In addition, this
section discusses which of the first two resonant modes of vibrations (1% and 2"
resonance mode) leads to better lateral motion to overcome the energy barrier caused by
hysteresis in terms of sliding angles.
5.2.1 Calculated resonance frequency

The theoretical resonant frequencies were acquired from using the Noblin’s

model (Equation 13), as mentioned in Section 2.3. The gravitational acceleration, surface
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tension and density of water were set, as discussed in Section 5.1. The calculated results

are shown in Table 5.4.

1% Natural Frequency (Hz) 2" Natural Frequency (Hz)
j=15 j=20
Vol (uL
Surface LML) 20 30 40 20 30 40
Teflon 39 32 28 70 58 50
Copper 39 33 29 74 61 53
Aluminum 38 32 28 73 60 53

Table 5.4 Calculated resonance frequencies for different droplet volumes and different
surfaces

Based on the theoretical values, distinctive droplet motion behavior should be observed
during the resonant mode of vibrations is imposed. The resonance modes of vibrations
(j) were set to be j = 1.5 for the first resonance mode and j = 2.0 for the second
resonance mode. At the first resonance mode, the vibrated droplet should be expected to
exhibit a high lateral motion as shown in Fig. 5.5(b). Recent studies have shown that the
droplet lateral resonant motion is the most effective in terms of droplet motion, as
advancing angle increases and receding angle decreases [33-35]. Furthermore, strong
vibrational stimulus leads to greater dynamic contact angle hysteresis, which helps
overcome the energy barrier associated with the retentive force [34]. At the second
resonance mode of vibrations, the droplet exhibits a continuously combined vertical-
horizontal motion [10], where advancing and receding angle alternates from every
motion, as shown in Fig. 5.5(c). In summary, a previous study [10] has observed the

same expected droplet motion when the first and second resonance modes are imposed.
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Specifically, three and four number of nodes along the droplet profile can be identified
when imposing first and second resonance modes, respectively, as shown in Fig. 5.5.

The location of the nodes for the experimental cases are presented in the next section.

(a) (b)

Fig. 5.5 Representation of expected droplet motion for (a) non-vibration case, (b) the
first resonance mode and (c) the second resonance mode. Colored dots represent number
of nodes.

5.2.2 Experimental resonance frequency using the first and second resonance
modes of vibration

The experimental frequency was observed when the droplets were resting on
both the horizontal and inclined planes to see the highest level of lateral and horizontal-
vertical motion at each resonant frequency. Table 5.5 shows the frequency values
measured that corresponds to the number of nodes observed in each droplet when the
resonant frequency was induced or applied on the system, which depends on droplet

volume and contact angle, as shown in Fig. 5.6.
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1% Natural Frequency (Hz) 2" Natural Frequency (Hz)
Surface L (L) | 90 30 40 20 30 40
Teflon 39 32 27 71 58 50
Copper 37 31 28 70 57 51
Aluminum 36 30 26 69 56 53

Table 5.5 Experimental resonance frequencies for different droplet volumes and
different surfaces

As shown in Table 5.5, the corresponding imposed resonant frequencies are
slightly lower than the calculated resonance frequency. Noblin observed a similar trend
in his study based on acoustic experiments [10]. Knowing the optimal resonance
frequency in horizontal cases for the corresponding modes of vibrations, the effects of

vibrations under the influence of gravity on inclination angles should be explored.

Experimental Schematic

15t Resonance
Frequency
j=1.5
(3 nodes)

2nd Resonance
Frequency
j=2.0
(4 nodes)

Fig. 5.6 Droplet resonance mode of vibrations using a 10uL droplet on a teflon
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5.3  Validating the droplet sliding angle model under the effects of acoustics

The effects of the first and second resonance mode of vibrations were studied to
understand droplet behavior on inclined surfaces. Although Equation 40 is independent
of resonant frequencies, the amplitudes of vibrations were obtained from the optimal
vibration (i.e. resonant condition) of the droplet. Equation 40 used the same
experimental results as shown in Section 5.1, including the same surface tension,
density, static contact angle, advancing angle and receding angle, k value, and the
acceleration magnitude measured, as shown in Fig. 4.8.

In order to understand the effects of resonant frequencies on the reduction of
sliding angle when using different standard surfaces, a set of experiments were
performed based on the experimental resonant frequencies shown in Section 5.2.2 for an
inclined plane. In general, at the inclined plane, the droplet motion for the first resonance
mode of vibrations depicted stronger lateral motion than those at the second resonance
mode, as shown in Fig. 5.7. When imposing the first resonance mode, droplet motion
exhibits a higher lateral motion, which leads to higher advancing angle. Therefore, it is
assumed that the vibration oscillation force is large enough to counteract the retentive
force effects (i.e. caused by surface tension). As a result, the droplets can slide
downwardly at a lower inclination angle [33, 35, 46].

From Fig. 5.8, the first resonance frequency (or mode) leads to lower sliding
angles than the second resonant frequency [46]. In summary, lower resonant frequencies

are better for droplet sliding than higher resonant frequencies (or modes) [46].
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Experimental Schematic
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Fig. 5.7 Vibrations at two distinct resonance modes of a 20uL droplet on copper surface
on an inclined plane
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As discussed above, the associated retentive force is inversely proportional to
contact angle for the same droplet volume. Furthermore, droplets with lower surface
contact area (i.e. higher contact angle at the same volume) are less likely to remain on
the surface. Based on vibrational experimental results, hydrophobic surfaces (i.e. teflon)
are better in terms of sliding when imposing the 1% resonant mode of vibration than
hydrophilic surfaces (i.e. copper and aluminum), as shown in Fig. 5.9. The enhancement
in terms of experimental sliding for teflon, while imposing the 1% resonant mode was
approximately 34%, whereas copper and aluminum surfaces had enhancements of 31%
and 24%, respectively. The second resonant mode of vibration exhibits a continuously
combined vertical-horizontal motion in the droplet, which leads to lower dynamic
contact angle hysteresis. As a result, the second resonant mode does not lead to a

significant enhancement in terms of sliding angle.
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Fig. 5.9 The sliding angle of 20 uL droplet at different resonant frequencies
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To understand the effects of acoustic on droplet sliding, the imposed acceleration
and frequency values were correlated to the measured (or received) acceleration and
frequency values along the sliding plane, as shown in Fig. 4.8. By using the correlation
in Fig. 4.8, the corresponding sliding angles were estimated using Equation 40 as shown
in Tables 5.6 to 5.11. As the tables show, the resonant frequencies necessary for
adequate droplet sliding are inversely proportional to droplet volume. For all hydrophilic
surfaces (i.e. copper and aluminum) under the effects of the first resonance mode, the
acoustic acceleration along the sliding plane is inversely proportional to droplet volume,
which clearly suggests that bigger droplets need to be excited less to promote adequate
droplet shedding. However, in the case of teflon, the acoustic acceleration is relatively
constant with respect to droplet volume.

Tables 5.6 to 5.11 also show that the sliding angles calculated using Equation 40
match well with the experimental sliding angles. Based on error propagation statistical
analysis, the error associated with the model is +10.6% of the experimental values, as
shown in Fig. 5.10. Fig. 5.11 shows a good linear correlation between the model and
experimental values for the first and resonance mode of vibrations with a R? value of
0.98. Therefore, the results indicate that the acoustic-based droplet sliding model can be
used effectively to relate imposed resonance frequencies to critical sliding angle of

droplets.
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Volume Wjyres. freq. Wjimp. freq. Qo

Surface (L] [Hz] [Hz] [a] Qtheo  Qexp  Error
10 53.2 47.4 1.5 30.7° 29.6° 3.9%
Teflon 20 38.6 38.8 1.3 19.8° 19.6° 0.9%
30 32.2 31.9 1.5 13.4° 144° -6.9%
40 28.1 27.1 1.3 12.7° 124° 3.0%

Table 5.6 Acoustic model and experimental data for the first resonance mode on teflon
surface

Volume Wjres. freq. Wjimp. freq. Qo

Surface (L] [Hz] [Hz] [2] Qtheo  Qexp  Error
20 38.9 36.8 1.7 27.9° 285° -2.3%

c 30 325 31.3 1.3 22.9° 241° -4.9%
OPPEr | 4o 28.6 28.0 1.2 19.4° 21.3° -8.7%
50 25.9 23.1 1.0 182° 18.8° -3.1%

Table 5.7 Acoustic model and experimental data for the first resonance mode on copper
surface

Volume Wjres. freq. Wjimp. freq. Qo

Surface (L] [Hz] [Hz] [a] Qtheo  Qexp  Error
20 38.1 36.0 20 36.3° 37.7° -3.9%

Aluminum 30 31.6 324 15 315> 322° -21%
40 27.7 27.6 13 278 27.1° 25%

50 25.2 25.1 1.3 221° 23.7° -6.8%

Table 5.8 Acoustic model and experimental data for the first resonance mode on
aluminum surface

Volume Wjres. freq. Wjimp. freq. Qo

Surface (L] [Hz] [Hz] [a] Qtheo  Qexp  Error
10 98.7 99.0 1.3 32.0° 335° -45%
Teflon 20 70.4 70.9 1.2 20.8° 23.0° -9.4%
30 58.1 57.7 1.0 15.6° 15.9° -1.8%
40 49.9 49.9 10 148° 150° -1.6%

Table 5.9 Acoustic model and experimental data for the second resonance mode on
teflon surface
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Volume Wj res. freq. Wj,imp. freq. Ao
Surface (L] [Hz] [Hz] [q] Qtheo  Qexp  Error
20 73.9 69.9 1.2 31.2° 332° -6.0%
C 30 60.9 57.5 1.2 239° 252° -5.0%
OPPEr | 4o 53.2 50.5 1.0 205° 222° -7.9%
50 47.9 47.7 0.8 19.2° 19.9° -3.1%

Table 5.10 Acoustic model and experimental data for the second resonance mode on
copper surface

Volume Wj res. freq. Wjimp. freq. Qo
Surface (L] [Hz] [Hz] [q] Qtheo  Qexp  Error
20 73.4 69.4 1.3 41.1° 425° -3.2%
Aluminum 30 60.4 56.2 1.3 32.6° 353° -7.6%
40 52.6 53.2 1.0 30.0° 30.6° -1.7%
50 47.4 47.7 09 248° 26.0° -47%

Table 5.11 Acoustic model and experimental data for the second resonance mode on
aluminum surface
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5.4  Sliding angle enhancement comparison between the first and second
resonance modes of vibration

When the first resonance mode of vibration is imposed, the droplet motion
exhibits greater lateral motion, which helps overcome the energy barrier associated with
surface tension. Based on analytical and experimental results in Tables 5.6 to 5.11, it is
evident that the first resonance mode of vibrations is better in terms of sliding angle
enhancement than the second resonance mode. Tables 5.12 through 5.14 show the
experimental sliding angle results with and without the imposed of vibrations and it is
evident that there is always an enhancement in sliding angle when imposing vibrations to

the substrate.
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Surface Volume Resonance Olw/o vibrations COlvibrations OLexp.
[uL] Mode Enhancement
10 1% 43.5° 29.6° 31.9%
2nd 43.5° 33.5° 22.9%
20 1 29.9° 19.6° 34.4%
Teflon 2nd 29.9° 23.0° 22.9%
30 1 21.9° 14.4° 34.2%
2nd 21.9° 15.9° 27.3%
40 1 19.5° 12.4° 36.4%
2nd 19.5° 15.0° 22.7%
Table 5.12 Sliding angle enhancement using a teflon surface
Surface Volume Resonance Olw/o vibrations COlvibrations OLexp.
[pL] Mode Enhancement
20 1 41.5° 28.5° 31.2%
2nd 41.5° 33.2° 20.0%
30 1% 32.3° 24.1° 25.5%
Copper 2nd 32.3° 25.2° 22.1%
40 8 25.7° 21.3° 17.3%
2nd 25.7° 22.2° 13.6%
50 1 24.0° 18.8° 21.4%
2nd 24.0° 19.9° 17.0%
Table 5.13 Sliding angle enhancement using a copper surface
Surface Volume Resonance Olw/o vibrations Clvibrations Otexp.
[uL] Mode Enhancement
20 1%t 49.9° 37.7° 24.4%
2nd 49.9° 42.5° 14.8%
30 1% 41.8° 32.2° 23.1%
Aluminum 2nd 41.8° 35.3° 15.6%
40 1% 36.6° 27.1° 25.8%
2nd 36.6° 30.6° 16.4%
50 1%t 28.7° 23.7° 17.5%
2nd 28.7° 26.0° 9.4%

Table 5.14 Sliding angle enhancement using an aluminum surface
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5.5  Condensation experiments results

The effects of vibrations on dropwise condensation with and without imposing
acoustics on hydrophilic and hydrophobic surfaces have been studied. Experimental
results show that acoustic stimuli have an effect on heat flux when using super-
hydrophobic surfaces (6 > 140°). Contact angles on hydrophilic and hydrophobic
surfaces were measured as shown in Table 4.1. Based on the results, the contact angle of
droplets plays a significant role in condensation. In general, droplets with contact angle
greater than 90° sheds faster and could lead to higher heat flux values. Previously, it has
been shown that the lower contact angle hysteresis depicts higher heat flux [47].
Therefore, surface-droplet combinations that exhibit greater contact angle hysteresis are
expected to show lower heat flux.
5.5.1 Heat transfer performance of standard surfaces

Several heat transfer experiments were performed to evaluate the effectiveness of
the standard surfaces during condensation. The heat transfer experiments were
performed by maintaining a relatively fixed humidity of moist-air (as described in
Section 4.8) of ¢ = 71.8% with a standard deviation of 2.7%. The data analysis of the
condensation experiments is based on the measurement obtained from the HFS-4
integrated to the Peltier module. The average heat transfer coefficient was calculated, as

follows:

-4 (42)
e Tamb - Ts
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where q'’ is the heat flux, T, is the ambient temperature inside the system, and T is
the surface temperature of the material on the fluid side. Each experiment was performed
for a total of 5 minutes after reaching steady state conditions for each distinctive surface
temperature with and without imposing acoustic stimuli. Fig. 5.12 shows four different
surfaces (aluminum, copper, hydro-copper, and painted metallic surface) that
experienced dropwise condensation between 2 °C and 3 °C. From Fig. 5.12, approximate
droplet size distribution statistical data (i.e. average and standard deviation) were

obtained as shown in Table 5.15. Droplet distribution charts can be seen in Fig. 5.13.

Fig. 5.12 Condensation droplet size of (a) aluminum at 2.8 °C, (b) copper at 2.2 °C, (c)
hydro-copper at 2.9 °C, and (d) painted metallic surface at 2.6 °C
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Static Standard

Average  Median - Averagel
Surface Contact Diame?er Diameter De\{latlon of Volurgle
Angle Diameter

9] [um] [um] (um] [uL]
Aluminum 71° 1305 1237 469 0.31
Copper 81° 1496 1376 949 0.67
Hydro-Copper 153° 652 419 450 0.14
Painted Metallic 95° 1202 1138 445 0.51

Table 5.15 Droplet size distribution at an average surface temperature of 2.6 °C (Note:
volume and other calculations can be found in Appendix A)
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Fig. 5.13 Droplet size distribution of (a) aluminum, (b) copper, (c) hydro-copper, and (d)
painted metallic surface
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Fig. 5.14 Combined droplet size distribution for all surfaces

Fig. 5.13 and Fig. 5.14 show the droplet size distribution curves for all the
corresponding surfaces. The curves show that droplet size varies depending on surface
type and most of the droplet distributions match each other in the range of 1 mm to 2
mm, except for hydro-copper surface. Appendix A shows the droplet distribution
analysis based on contact area, surface area for the vapor side, and droplet height. Based
on the data shown in Appendix A, copper and painted metallic surfaces depict higher
droplet surface area for the vapor side, which facilitates the droplet growth process.
However, the aluminum surface shows lower droplet surface area for the vapor side,
which should lead to lower heat transfer rate. Moreover, the hydro-copper surface
depicts the lowest droplet surface area for the vapor side, which explains why it has the

lowest heat transfer rate than the other surfaces during condensation, as seen below.
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To understand the effects of condensation heat transfer within distinctive
surfaces, a comprehensive condensation study was conducted. Tables 16 through 19
show different parameters used for condensation such as ambient temperature, surface
temperature, moist-air humidity ratio, heat flux, and temperature gradient without the
use of acoustic vibrations. Based on the results, copper depicts higher heat flux rates
whereas hydro-copper shows the lowest heat flux rates. Low heat flux rates for hydro-
copper have been observed despite of its good wetting properties. One of the main
reasons for low heat flux rate is due to the fact that the surface area on the vapor side is
relatively large compared to the contact area that each droplet makes with the solid
surface. As a result, it is expected that such a super-hydrophobic surface depicts higher
thermal resistance for each individual droplet during its growth process. Moreover, a
recent study revealed that thermal resistance has a direct effect on droplet growth on the
surface, which affects the heat transfer rates [48]. The condensation experiments also
show that surfaces with contact angles close to 90° show the greatest amount of heat rate
when compared to surfaces with high or low contact angles. Fig. 5.14 shows that the
copper surface has a wide distribution of droplets when compared to other surfaces. This
in turn implies that dropwise condensation as heat transfer mode is more prevalent
during the overall droplet growth process when copper is used when no vibrations is
imposed.

In dropwise condensation, droplets are expected to slide from a vertical surface
when the droplet diameter exceeds the capillary length and gravity overcomes the

capillary force [9]. Therefore, when the droplet slides off from the surface, nucleation
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sites become available, which results in greater condensate amount and better heat

transfer.
Surface Case Tamp s Humidity [K] aT
[°C] [°C]  Ratio [%] cm? [°C]
1 21.2 2.7 70.2 5.6 18.5
2 21.8 4.0 65.8 4.9 17.8
3 21.5 6.6 67.5 4.1 14.9
Copper 4 21.2 8.6 68.7 3.3 12.6
5 20.9 10.8 71.0 2.7 10.1
6 20.5 12.7 72.8 2.0 7.8
7 20.2 15.7 75.7 0.8 4.5
Table 5.16 Condensation results using a copper surface without imposing acoustic
vibrations
Surface Case Tamb Ts Humidity — ,, [K] AT
[°C] [°C]  Ratio [%] cm? [°C]
1 21.0 3.3 69.4 3.0 17.7
2 21.2 4.8 68.6 2.9 16.4
3 21.2 6.9 73.9 2.6 14.3
Aluminum 4 21.2 8.7 74.3 2.1 12.5
5 20.9 10.3 75.4 1.8 10.6
6 20.9 12.0 75.1 1.5 8.9
7 20.7 14.2 76.9 0.8 6.5

Table 5.17 Condensation results using an aluminum surface without imposing acoustic
vibrations
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Tomp T Humidity ,, [ W AT

swhee  Cxe B 1 raiope) 9lom [

1 20.9 2.9 73.2 2.4 18.0

2 21.5 4.2 72.1 2.1 17.3

3 215 6.4 72.5 1.8 15.1

Hydro-Copper 4 21.3 8.3 76.8 1.5 13.0
5 211 10.1 75.4 1.2 11.0

6 21.0 11.9 77.0 0.9 9.1

7 20.8 13.8 77.6 0.7 7.0

Table 5.18 Condensation results using a hydro-copper surface without imposing acoustic
vibrations

Tymb T Humidity ST W AT

Sufece  Caseyt s paiope 9| e
1 21.3 34 72.0 3.9 17.9

2 21.1 4.9 72.4 35 16.2

Painted 3 20.7 6.8 74.3 3.0 13.9
Metallic 4 20.6 8.2 76.0 2.4 12.4
5 204 9.7 76.5 1.8 10.7

6 20.1 11.8 72.2 1.6 8.3

7 19.7 14.5 73.9 1.0 5.2

Table 5.19 Condensation results using a painted metallic surface without imposing
acoustic vibrations
The results from Tables 5.16 to 5.19 are illustrated in terms of temperature
difference (AT = Tymp — Ts) and heat flux, as shown in Fig. 5.15. The figure shows that
the average droplet volume (see Table 5.15) has an effect on condensation rate.
Moreover, the hydro-copper surface depicts the worst heat transfer performance of all

the surfaces, which also contains a large number of small droplets on the surface.
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Fig. 5.15 Condensation heat flux curves for non-vibration cases

5.5.2 Heat transfer performance of standard surfaces with vibrations imposed

In dropwise condensation, the relationship between droplet size distribution and
heat transfer plays a significant role in condensation [9] as discussed above. Migliaccio
[9] observed that vibrations help reduce the population of large droplets, which leads to
better heat transfer performance. Therefore, all the surfaces used in this study were
subjected to acoustic vibrations. The excitation frequencies ranging from 20 Hz to 60 Hz
were imposed to the system to determine any improvements in heat transfer rate. The
induced vibration frequencies were initially calculated based on the Noblin’s equation
(Equation 13). The first resonant mode of vibrations were imposed because it leads to
better droplet shedding as described in the droplet sliding section of this study. However,
when imposing vibrations to the system with a frequency sweep, it appears that the

hydrophilic surfaces showed less enhancement in terms of heat flux values when
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compared to the super-hydrophobic surface (i.e. hydro-copper). Tables 21 through 24
show the results in terms of heat flux values and heat transfer enhancement under the
effects of acoustic vibrations, when taking into account temperature difference and air

temperature. The increase in heat transfer rate per unit area was calculated as follows

[9]:

n= pr X 100% (43)

where §" is the heat flux for the vibration cases and q" is the stationary (no vibration)
heat flux.

Although copper still performs the best in terms of heat flux even under the
effects of acoustics, the heat transfer enhancement values were not as significant when
compared to the super-hydrophobic surface. The heat flux enhancement, n, for the
hydrophilic surfaces were relatively small; however, the super-hydrophobic surface
depicts a significant enhancement in heat flux when imposing vibrations. One possible
explanation for the minimal enhancement in heat transfer in the hydrophilic cases can be
attributed to the effects of the resonant frequencies. Migliaccio [9] found that excitation
frequencies within 100 to 200 Hz leads to a significant improvement in heat transfer
rates of 70% when using a hydrophobic surface (6 = 114°). Celestini et al. derived an
expression for estimating the vibration mode of submillimeter-size droplets [37] as
shown in Chapter 2 (see Equation 17). Table 5.15 shows that the average droplet
diameter for all surfaces were less than r ~ 0.75 mm, which can be characterized as a

submillimeter-size droplets. Therefore, the use of the rocking mode frequency w,, as
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shown in Equation 17, can be applicable to estimate the vibration mode of
submillimeter-size droplets [37]. Based on Celestini’s et al. [37] developed oscillator

model, the following frequencies for each surface were obtained as follows:

0 R Wo
Surface ] h(0) [mm] [Hz]
Copper 81 0.95 0.65 144
Aluminum 71 0.95 0.75 126
Hydro-copper 153 0.08 0.33 110
Painted Aluminum 95 0.8 0.60 139

Table 5.20 The simple oscillator expression to obtain the rocking mode excitation, wo,
values

where h(0) is numerically computed and is dependent on wetting contact angle and
obtained from Celestini et al. correlation chart [37]. Table 5.20 shows that excitation
frequencies in the range of 100 and 200 Hz are ideal for heat transfer performance [9].
However, the existing system used in the study could be used reliably up to 60 Hz. In a
future study, a more condensation system with a surface acoustic wave device capable of
reaching frequencies of 200 Hz should be considered.

Based on the heat flux performance and heat transfer enhancement from Tables
5.21 to 5.24, the copper surface is the best performer, whereas the hydro-copper depicts
the greatest enhancement in terms of heat flux (45% enhancement). It has been observed
that the hydro-copper surface depicts the lowest performance due to its high contact
angle and lowest contact area compared to the surface area in the vapor side when no

vibrations are imposed. However, Fig. 5.16 shows that when imposing acoustics to the
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system while using the hydro-copper surface, with a frequency sweep of 40 to 60 Hz,

vibrations helped shed droplets rapidly, which allowed for new small droplets to

nucleate. As a result, enhancements in heat transfer rates could be achieved when using

the super-hydrophobic surface under the effects of imposed acoustic vibrations.

Fig. 5.16 Hydro-copper image analysis of (a) condensate droplets without the use of
vibration and (b) condensate droplets with the use of vibrations that leads to a refreshed

surface area for new droplet nucleation

Toymb T Humidity LW AT
Sufce  Case T L Gaiopy 4 |oa rop
1 22.0 2.7 61.5 57 19.3 2%
2 21.4 3.8 62.6 5.2 17.6 6%
Copper with 3 21.1 6.7 064.2 4.4 14.4 7%
vibrations 4 21.1 8.4 65.5 3.9 12.7 18%
5 20.8 10.6 67.3 2.9 10.2 7%
3] 20.5 12.5 69.1 2.2 8.0 10%
7 20.1 15.3 70.8 0.9 4.8 13%

Table 5.21 Condensation results using a copper surface while imposing acoustic
vibrations
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Tomb T, Humidity — , [ W AT n
Suface  Cae {1t atopm) 9] g
1 21.6 3.2 64.8 3.1 18.4 3%
2 21.3 5.2 67.2 2.9 16.1 0%
Aluminum 3 20.7 6.8 66.5 2.5 13.9 -4%
with 4 20.2 8.4 69.0 2.1 11.8 0%
vibrations 5 20.9 9.9 72.3 2.0 11.0 11%
6 21.3 12.0 75.1 1.6 9.3 7%
7 21.1 14.5 75.0 0.9 6.6 13%
Table 5.22 Condensation results using an aluminum surface while imposing acoustic
vibrations
Surface Case Tamp T Hur_nldlty " [l] AT
[°C] [°C]  Ratio [%] cm? [°C]
1 21.0 2.9 68.4 3.4 18.1 45%
2 20.7 4.6 71.7 2.9 16.1 34%
Hydro- 3 21.7 6.3 72.9 2.6 15.4 43%
Copper with 4 21.1 8.3 73.0 2.0 12.8 39%
vibrations 5 21.2 10.1 74.3 1.7 11.1 39%
6 21.0 11.8 71.6 1.3 9.2 35%
7 20.7 14.0 72.7 0.7 6.7 15%
Table 5.23 Condensation results using a hydro-copper surface while imposing acoustic
vibrations
Toymb T Humidity S W AT n
Suface  Case 1y paopl 4[] ()
1 21.2 3.2 72.2 4.0 18.0 3%
2 21.1 5.1 72.5 3.6 16.0 3%
Painted 3 20.6 6.5 74.8 3.1 14.1 3%
Metallic with | 4 20.6 7.9 75.6 2.7 12.7 13%
vibrations 5 20.4 9.6 76.3 2.2 10.8 22%
6 20.0 11.8 72.4 1.7 8.2 6%
7 19.7 14.4 74.3 1.1 5.3 10%

Table 5.24 Condensation results using a painted metallic surface while imposing
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Fig. 5.17 to 5.20 depict heat flux values and heat transfer enhancement based on
temperature difference for both stationary and imposed vibrations cases. The figures also
show that the hydrophilic and hydrophobic surfaces show significant heat transfer
enhancement when AT is between 10 to 15 °C. Furthermore, from Tables 5.21, 5.22 and
5.24, it is evident that the heat transfer enhancements due to imposed vibrations reach a
maximum value in the AT range of 10 to 12.5 °C. It is known that when AT increases,
the number of droplets on the condensing surface also increases [49]. It is suggested that
when AT reaches 10 to 12.5 °C, there are sufficient droplets on the surface that have not
experienced a significant level of droplet coalescence, which allows for a higher rate of
droplet shedding when vibrations are imposed. It is also suggested that when AT is
below the range for dropwise-to-filmwise transition as condensation mode, droplets can
still shed without coalescing or forming a liquid film. Therefore, imposing acoustics
frequencies on surfaces to enhance condensation should take into consideration AT as
well as relative humidity [50]. In the case of the super-hydrophobic surface cases,
vibrations led to enhancements in heat transfer for most AT values because of the high
level of hydrophobicity, which minimizes droplet contact area. As a result, droplets on
hydro-copper are less affected by surface tension effects, which in turn allow for a more
effective shedding mechanism under the effects of vibration.

Fig. 5.21 to 5.24 show the condensation convective heat transfer curves and heat
transfer coefficient enhancement. Based on experimental results, the greatest
enhancement of h on hydrophilic and hydrophobic cases occur when AT is in the range

of 10 °C — 13 °C with an average enhancement of approximate 13%. For the hydro-
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copper, there is always an enhancement for most AT, but the highest enhancement

occurs at AT of 18.1 °C with an h enhancement of 30.7%. Low h enhancements are

found when AT is higher than 15 °C on hydrophilic and hydrophobic surfaces. This can
be attributed to droplet coalescence and the onset of filmwise condensation or liquid film

formation, which are less susceptible to the imposed acoustic resonant frequencies due to

a decrease in the height of the vibration nodes within the larger droplets or streaks of

liquid.
7
m Copper 4
6 | @ Copper (Vib.) .
% enhancement in heat flux _.-"’ 7
o
5 r R | 4
— €. 4
Ea4t o1, 4 =0.33AT-0.48
E B _."-.-' RZ = 0.99 T
|=_| 3 | ‘-.':." _
= ! q”cu, nonvib = 0-32AT - 0.61
2t o R? =0.99 -
1t o i
O 1 1 1 1
0 5 10 15 20 25
AT [°C]

Fig. 5.17 Condensation heat flux curve comparison of copper with and without imposing

vibrations to the system

77

50%
45%
40%
35%
30%
25%
20%
15%
10%
5%

0%



3.5 50%
= Aluminum
3 | Aluminum (Vib.) ’,/i ] aom
% enhancement in heat flux w.

2.5 | = 1 30%
5 9"y v, = 0.19AT - 0.16 et 0
€ 2 F|  R=098 o 2N
E 0.::1".'. 1 20%=
=15 t L
T i 1 10%

L
05 F [a"s nonwis, = 0.20AT-0.34 1 0%
R2=0.98
0 ' ' ' -10%
0 5 10 15 20

AT [°C]

Fig. 5.18 Condensation heat flux curve comparison of aluminum with and without
imposing vibrations to the system
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Fig. 5.19 Condensation heat flux curve comparison of hydro-copper with and without
imposing vibrations to the system
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Fig. 5.20 Condensation heat flux curve comparison of a metallic surface with and
without imposing vibrations to the system
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Fig. 5.21 Condensation convective heat transfer curve comparison of copper with and
without imposing vibrations to the system
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Fig. 5.22 Condensation convective heat transfer curve comparison of aluminum with and
without imposing vibrations to the system
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Fig. 5.23 Condensation convective heat transfer curve comparison of hydro-copper with
and without imposing vibrations to the system
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5.5.3 Empirical heat transfer coefficient correlations

An empirical heat transfer coefficient correlation has been postulated for each
hydrophobic and hydrophilic surface with and without the imposed of vibrations. The
correlation was fitted by using the experimental data obtained during condensation. The
ambient temperature difference and contact angles of droplets were set as independent

variables. The convective heat transfer coefficient correlation for condensation was

postulated as follows:

h=a (cos (9 - %))b (pr)°

Ah/h

where a, b, and ¢ are determined from experimental data. The non-dimensional

temperature difference, ¢, is defined as:
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Td - Ts (45)
Tamb - Ts

ér =
where T, is the dew temperature, T is the surface temperature, and T,,;, is the ambient
temperature. Temperatures were obtained from experiments during condensation by
using the humidity probe and thermocouples.
Based on experimental results and a regression analysis using experimental data,
the empirical heat transfer coefficient correlations for hydrophilic surfaces (6 < 90° or

n/2) without the use of vibrations (Equation 46) and with vibrations (Equation 47) were

postulated as follows:

h=0.36 (cos (9 - g))n'4 (¢)°26, R2=0.97 (46)

h =0.39 (cos (9 — %))11'4 (pr)%32, R?=10.97 (47)

In addition, another set of empirical heat transfer coefficient correlations for
hydrophobic surfaces (6 > 90° or 7/2) without the use of vibrations (Equation 48) and

with vibrations (Equation 49) were postulated as follows:

h= 023 (cos (9 - g))o'69 (¢r)°3°, R =0.95 (48)

h= 026 (cos (9 - g))“1 (¢7)°3* R?=0.85 (49)

Since hydro-copper depicted an enhancement in terms of both heat flux and convective
condensation heat transfer, another set of correlations without (Equation 50) and with

(Equation 51) the effects of vibrations have been postulated as follows:
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h = 0.32 cos (9 - g) (¢r)°*3, R2=0.95 (50)

h = 0.49 cos (6 — %) (¢1)°3, R? = 0.99 (51)

Based on the empirical correlations, it is evident that surface tension is a
dominant mechanism on hydrophilic surfaces given the large magnitude of exponent b,
see Equations 44, 46 and 47. Therefore, low imposed acoustic vibrations have a limited
effect on condensation heat transfer rates on such surfaces. However, for the
hydrophobic cases (Equations 48 and 49), the effects of surface tension and temperature
on heat transfer are comparably significant. From Equations 50 and 51, it is evident that
acoustic vibrations suppress surface tension effects given the greater magnitude of
exponent ¢ in Equation 51 when compared to Equation 50. Fig. 5.25 shows that the

proposed correlations fit the experimental results well.
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Fig. 5.25 Relative error of the developed correlations based on (a) hydrophilic surfaces
(6 < 90° or m/2) without vibrations, (b) hydrophilic surfaces with vibrations, (c)
hydrophobic surfaces (8 > 90° or m/2) without vibrations, (d) hydrophobic with
vibrations, (e) hydro-copper correlation without vibrations, and (f) hydro-copper

correlation with vibrations
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6. CONCLUSION

This study investigated the effects of acoustics on sliding angle of droplet on
different surfaces with distinctive wetting characteristics. The relationship between
sliding angle and body forces such as gravity and acoustic streaming was studied and a
physics-based mathematical model was developed that is capable of predicting the
critical sliding angle of droplets with and without the imposed of vibrations.
Experimental results show that larger droplets can overcome the energy barrier more
than smaller droplets as the droplet diameter exceeds the capillary length, and the
associated retentive force is inversely proportional to contact angle for the same droplet
volume.

Recent studies demonstrate that droplet lateral resonant motion can be induced
by low frequency acoustic stimuli. Therefore, the use of an acoustic stimuli lead to a
better droplet lateral resonant motion, which helps overcome the energy barrier caused
by the hysteresis effect that is associated with the retentive force. For such cases, a
theoretical model was developed and validated that is capable of predicting droplet-
sliding angle as a function of static contact angle, advancing and receding angles, and
resonance modes of vibrations. The effects of resonant modes of vibrations were studied
to understand the droplet resonant behavior that can predict and estimate better lateral
droplet motion for droplet shedding.

In general, two forms of resonant modes of vibrations were imposed to the
system, and it has been investigated that the droplet motion for the first resonant mode of

vibrations depicted stronger lateral motion than the second resonant mode. When the
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first resonant mode of vibration was imposed on an inclined plane, the droplet motion
exhibited stronger lateral motion that allowed to overcome the energy barrier associated
with surface tension. However, the second resonant mode of vibrations exhibited a
continuously combined vertical-horizontal motion, which led to lower dynamic contact
angle hysteresis. Hence, it has been shown that the first resonant mode of vibrations is
more active and effective than the second resonant mode, which led to better sliding
enhancement as the experimental results showed. Furthermore, the imposed vibration
oscillation force facilitated droplet shedding at lower sliding angles. In addition, under
the effects of the first resonant mode, the acoustic acceleration along the sliding plane
was found to be inversely proportional to droplet volume for the hydrophilic cases.

Results to date also show that the developed model is in a good accordance with
the experimental data with and without the use of acoustic vibrations. The results also
indicate that the acoustic-based model can be used effectively to relate imposed resonant
frequencies to critical sliding angle of droplets. Therefore, results indicate that the
resonance frequencies lead to a reduction in sliding angles.

The effects of vibrations on dropwise condensation had been studied to
determine enhancements in terms of heat flux and convective heat transfer coefficient
with and without the use of vibrations. Based on results, it has been shown that copper
depicts higher condensation heat flux rates whereas the hydro-copper depicted the lowest
heat flux rates. The heat transfer results suggest that larger surface area on the vapor side
relative to the droplet contact area leads to lower heat flux rates. Moreover, it has been

observed that super-hydrophobic surface depicts higher thermal resistance due to the
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small contact area between the droplet and the condensing surface. Experimental results
demonstrate that acoustic stimuli do have a significant effect in condensation heat flux
and convective heat transfer coefficient when using a super-hydrophobic surface. A
frequency sweep allowed droplets to shed faster, which in turn allowed small droplets to
nucleate on the super-hydrophobic surface. Therefore, the use of vibrations for droplets
with high contact angles helped reduce the population of large thermally inefficient
droplets, which improved the heat transfer rate. In addition, based on experimental
results, empirical correlations for dropwise condensation under the effects of acoustic
streaming on hydrophilic and hydrophobic cases were developed and experimentally
validated. The correlations show good agreement with experimental results.

Currently, little is known about the effects of acoustics on droplet shedding in
condensation systems. Better condensers are needed in a host of applications, including
water harvesting and desalination systems around the world where sustainability is a
serious concern. Furthermore, their footprint and associated energy cost should be
reduced to enable better use of resources. Therefore, by applying the adequate resonant
mode, during the condensation process, the acoustically resonant surface may minimize

film-wise condensation under the effects of resonant acoustic vibrations.
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7. FUTURE WORK

Results indicate a relationship between acoustic stimuli and droplet shedding
during dropwise condensation. The effects of acoustic stimuli during the dropwise
condensation stages, including droplet nucleation, droplet growth and coalescence,
should be evaluated under different conditions. Engineered surfaces, with distinct
hydrophobic-hydrophilic patterns, should be designed to enable nucleation and growth,
while promoting low-energy resonant droplet behavior to imposed acoustic stimuli,
necessary for effective droplet shedding. A recent study demonstrated improvements in
heat transfer rates when imposing relative large excitation frequencies, between 100 to
200 Hz. Therefore, a more complex condensation system should be fabricated with the
capability to induce vibration frequencies as high as 200 Hz. The use of a piezoelectric
actuator attached next to condensing surface may facilitate droplet shedding and enhance
condensation heat transfer rates. The use of a surface acoustic wave (SAW) motion,
capable of vibrating the surface along the sliding plane may facilitate droplet shedding
and improve the condensation energy efficiency and heat transfer performance. In
addition, a lab-scale condenser consisting of self-vibrating tubes, should be fabricated
and characterized to evaluate the effectiveness of flow-induced low frequency vibrations

on condensation heat transfer rates.
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APPENDIX A

A.1  Effects of friction on viscous dissipation in sliding droplet

The following demonstrates that friction force in the droplet sliding angle
governing equation due to the viscous dissipation is not governed by bulk (macroscopic
flow) fluid motion within each droplet. Olin et al. [51] developed an equation to

determine the viscous dissipation of water droplets as follows:

Q =n|, (vﬁ)Z dv (A1)

where 1 is the velocity field of the droplet and Q is the interior of the droplet. A

simplified version of the viscous dissipation equation (A-1) is as follows:

S

R) r3 = nR$%Bo?/3 (A-2)

Qy~n (
According to calculations, see Table A.1, Q, ranges from 4.39E-12 and 3.14E-09, which
yields to very small numbers, almost approaching 0. Therefore, it can be assumed that
F,is = 0 due to dissipation associated with the macroscopic flow of fluid within each
droplet. In addition, Table A.1 shows that the product of Capillary (Ca) and Bond (Bo)
numbers (Ca-Bo) is very small, which suggests that the viscous dissipation mechanism
(due to friction) is mainly dominated by the pinning-depinning process [51].
Furthermore, it is assumed that surface tension is more dominant than the viscous force

effects. Moreover, another interpretation for the frictional force [51] was developed as

follows,
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F = bg,Bo~?mg (A-3)
Given the expected low value of bsy (~ 0.01) for hydrophilic and hydrophobic surfaces
[51], the corresponding friction force would be much smaller than the surface tension

and gravity force effects.

Dynamic  Surface  Density,
Viscosity, Tension,

u(N-s/m?) vy (N/m)  (kg/m3)
2.5E-03  8.91E-04 0.072 998 0.0016 3.09E-05 0.3 1.08E-05
6.7E-04  8.91E-04 0.072 998 0.0036 8.29E-06 1.8 1.46E-05

Velocity,
v (m/s)

Radius,

R (m) Ca Bo Ca-Bo

Table A.1 Physical properties of liquid droplets

A.2  Physical properties of droplets for condensation analysis

The following demonstrate the calculation used to estimate droplet contact
radius, droplet size volume, droplet contact area, droplet height and surface area on the
vapor side of a typical droplet. The droplet schematic below was used to estimate the
average droplet size distribution and the other droplet characteristics, during dropwise

condensation.

Fig. A.1 Typical droplet in dropwise condensation
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a was used to determine the average droplet contact radius distributions by measuring
and converting R, as follows:

a = Rsin@ (A-4)
The average volume of the droplets was calculated by knowing the droplet contact angle

and the average droplet radius based on image analysis, as follows:
V= %R3(2 + cos 0)(1 — cos 6)? (A-5)
The following was used to determine the average contact area of the droplet on the
surface,
CA = ma? (A-6)
and the height of the average droplet was calculated as follows,
h=atan@ (A-7)
The surface area on the fluid side was determined as follows,

SA = 2nRh (A-8)
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A.3  Sliding droplet data for silicon wafer (SiO2) surface case

The following tables show additional experimental data used to validate the
sliding angle equations (Equations 33 and 40) when using a SiO; surface, with a contact
angle of 77°. Tables A.3 through A.5 show good accordance between the theoretical and
experimental values. Fig. 2.A shows the sliding enhancement when imposing the 1% and

2" resonance mode of vibrations.

Volume

Surface L] 0qav Orec A0 k  Qtheo  @exp  Error
20 91.5° 61.6° 29.9° 14 39.1° 39.0° 0.3%

Si02 30 94.9° 59.6° 353° 14 333° 325° 27%
0=77° 40 95.7° 584° 37.3° 13 27.3° 26.6° 2.6%
50 96.8° 57.6° 39.2° 13 23.0° 238° -3.1%

Table A.3 Droplet theoretical and experimental data without imposed vibrations on SiO;
surface

Volume Wjres. freq. Wjimp. freq. Qo

Surface (L] [Hz] [Hz] [q] Qitheo  Qexp  Error
20 38.6 34.1 1.3 29.8° 282° 5.6%

SiO2 30 32.2 30.9 1.3 244° 252° -29%
40 28.4 26.3 1.3 18.8° 195° -3.7%

Table A.4 Acoustic model and experimental data for the first resonance mode on SiO>
surface

Volume Wjres. freq. Wjimp. freq. Qo

Surface (L] [Hz] [Hz] [q] Qtheo  Qexp  Error
20 73.8 71.8 1.2 30.7° 31.9° -3.7%

Si02 30 60.9 59.9 1.0 26.6° 26.3° 1.0%
40 53.1 53.2 1.2 19.9° 21.9° -9.1%

Table A.5 Acoustic model and experimental data for the second resonance mode on SiO-
surface
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