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SUMMARY

Superhydrophobic surfaces have been extensively studied for mitigating the icing problem.
Recent investigations concluded that superior anti-icing surfaces must engender excellent anti-
frosting and efficient defrosting properties. In the present study, carbon nanofiber based water
repellent polymeric composites were investigated for anti-icing/anti-frosting applications. Use
of low cost, off-the-shelf materials, simple solvent based processing and spray casting enhance
substrate independence and scalability of the nanocomposites. The first half of the thesis
is devoted towards tuning the nanoscale surface texture to attain sustained DWC. Complete
removal of ice accumulated by condensation frosting was shown to have significant dependence
on condensate morphology prior to freezing. In the latter half of this work, the self-heating
capability of the electrically conductive coating was utilized to demonstrate dynamic defrosting
at very low substrate inclination angles. The mechanism behind facile dewetting of the frost
layer was discussed. We focused on the synergetic combination of electrothermal deicing and

superior water repellency to reduce energy, time and cost required to keep a surface ice-free.



CHAPTER 1

INTRODUCTION

Ice accumulation and frosting are ubiquitous at high altitudes, cold regions and humid
environments. The pervasive nature of ice and frost at low temperatures is detrimental to
the functionality and performance of man-made equipment and systems like aircraft, off-shore
structures, wind turbines, power lines, telecommunication equipment and heat exchangers [1—
6]. Recently, there has been increased interest in developing surfaces that retard and reduce
frost/ice formation and adhesion. One dominant approach is the use of bio-inspired micro/nano
structured superhydrophobic surfaces with high water contact angle (CA>150°) and low contact
angle hysteresis (CAH<10°) [7]. Superhydrophobic surfaces show delay in ice nucleation and
frosting by reducing the effective surface area available for heat transfer at the droplet interface,
increasing the energy barrier for nucleation, and facilitating droplet coalescence, shedding or
jumping [8,9]. These surfaces also prevent and minimize ice accumulation in dynamic situations
involving supercooled droplet impact in freezing rain conditions [10, 11]. However, a recent
study has brought to question the emphasis on super water-repellent surface formulations for
ice formation/retardation and suggested that anti-icing design must optimize the competing
influences of both wettability and roughness [12]. The water repellent and anti-icing properties
of superhydrophobic surfaces are severely compromised when they are exposed to high humidity
frosting conditions [13,14]. Some studies also show that ice/frost on superhydrophobic surfaces

form in an impaled Wenzel state, thereby enhancing the adhesion by anchoring to the surface
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roughness, which increases the energy and time required for ice/frost removal [15]. The other
approach is the use of liquid infused surfaces (LIS) which rely on low contact angle hysteresis
to shed small droplets before freezing on the surface. The performance of LIS is limited by oil
drainage caused by capillary forces arising from dendritic frost formed on the frozen droplet
and from cloaking [16,17]. Further, LIS need very careful design of the surface texture-oil pair
or an external source of oil to retain/replenish the depleting lubricating liquid on these surfaces
when exposed to repeated frosting-defrosting cycles. Above discussed approaches are passive
as they solely rely on surface roughness and wettability to migitage icing.

Despite extensive research on passive approaches, frosting on superhydrophobic surfaces is
unavoidable over prolonged freezing periods due to edge effects, surface defects and external dis-
turbances (or forces) which could cause local reduction in energy barrier causing heterogeneous
or homogeneous nucleation, thereby initiating a propagating freezing wave leading to frosting
of the entire surface [18,19]. Hence there is high demand for developing surfaces which not only
passively delay ice formation, but also actively mitigate/eliminate ice formation/accumulation
and even remove ice/frost when formed.

Due to high water CA on hydrophobic surfaces, the critical Gibbs energy required for phase
change is higher in the case of desublimation than for condensation frosting. The critical su-
persaturation degree (SSD.,) required for desublimation on a surface with water CAx160°is
almost three times greater than the SSD,, required for condensation frosting [20]. Thus, con-
densation frosting is the most prominent mode of phase change on hydrophobic surfaces, and

thus far more relevant to practical applications. Very few condensation frosting studies have



been performed on superhydrophobic surfaces which, when defrosted by raising surface temper-
ature, demonstrate complete dewetting and roll-off of partially melted frost from the surface at
very low tilt angles (o ~10°). This is known as dynamic defrosting, and was first observed on
rigid hierarchical superhydrophobic surfaces at large inclinations (o = 90°) [21]. During con-
densation frosting, nanostructured superhydrophobic surfaces promote droplet condensation in
a Cassie state; the frost which grows on these frozen condensates assumes a Cassie state, having
very low contact area, and hence lower adhesion. Dynamic defrosting (at o ~ 0°) on nanostruc-
tured surfaces is attributed to the thermodynamically driven minimization of surface energy of
the water in the melted slush, resulting in a mobile water-ice mixture having low CAH [9]. In
addition to forming Cassie frost, hierarchical micro/nanostructured superhydrophobic surfaces
leverage on the microscale roughness to enable complete dewetting and enhance mobility of
the melted frost by providing a composite lubricating air layer. Dynamic defrosting reduces
the time, energy and force required for frost removal; therefore this capability is required for
efficient antifrosting surfaces [22].

We report spray-deposited, electrically-conductive and superhydrophobic, nanocomposite
coatings that can actively mitigate condensation frosting on demand. There has been extensive
research in electrothermal methods which utilize the Joule heating effect by passing electri-
cal current through conductors for ice removal; however, none of these studies have reported
self-heating, superhydrophobic, carbon-nanomaterial-based polymeric coatings as an active ap-
proach to address the icing problem. Superhydrophobic surfaces can reduce the energy required

to prevent ice accretion by 80% by adding heat from underneath using external devices or sys-



tems [23]. Our conductive superhydrophobic coating doubles up as the heating element itself
(skin heating), which makes its action more effective because heat is added where it is most
needed (at the surface/ice interface), thus making it easier to partially melt and dislodge the ice.
The coating saves cost, weight, space and energy by eliminating the need for external heating
elements or systems and locally heating only the ice-coating interface instead of the substrate
itself. In this study, we spray deposit solution based fluoroacrylic-carbon nanofiber (CNF)
dispersions on insulating glass slides to form conductive superhydrophobic coatings [24]. The
sheet resistance (Rs) of the coating is quantified with respect to increasing add-on deposition
levels on the substrate. The heating performance of the CNF coating is characterized based
on the applied DC voltage and compared with nanocarbon-based film heaters reported in the
literature. Condensation frosting is studied on these surfaces and skin heating is employed to
demonstrate dynamic defrosting at low tilt angles (« = 10°) and high relative humidity (RH).
The present coatings add a new dimension to existing surface technologies combining passive
anti-ice approaches with active removal techniques, such as electrothermal and/or mechanical
methods, to reduce the energy cost for ice avoidance. The coatings offer a facile, scalable,
substrate- and geometry-independent approach for developing functional materials with supe-

rior anti-icing properties.



1.1 Brief Theoretical Background

Wettabiliy of a solid interface depends on its surface free energy and texture (roughness).
For a smooth chemically homogeneous surface the equilibrium contact angle (fg) is given by
the Young’s relation (Figure 1) [25]

HE — ’YSV - '751 (11)
Vv

where gy, V51 and 7y, are the interfacial surface energies of the solid-vapor, solid-liquid and
liquid-vapor phases repectively. Roughness futher amplifies the wettability of a surface, making
a hydrophyilic surface more hydrophilic and a hydrophobic surface more hydrophobic. The
Wenzel model relates the apparent contact angle (65) to 6 by the ratio of actual surface area
to the apparent surface area,r [26]. In such situations the liquid impales the roughness features

as show in Figure 1b. The apparent contact angle is given by

cosbhy = rcosfg (1.2)

In cases where a droplet rests on chemically heterogeneous surface the Cassie-Baxter model
applies [27]. On rough hydrophobic surfaces liquid is in contact with a composite interface
constituting air pockets trapped within the surface texture and the liquid interface (Figure 1c).
The apparent contact angle (6¢) of a composite surface is related to g by condsidering the

contibutions from the individual solid and gas interfacial energies given by

cosf: = ¢pg(cosbp + 1) — 1 (1.3)
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Figure 1. (a) Equilibrium contact angle of a droplet with balancing surface energies at the
three phase line. (b) Droplet on an hydrophilic surface in a Wenzel state. (c¢) Droplet sitting
on a composite surface in a Cassie state.

where ¢g is the fraction of solid area in contact with the droplet. The mobility of a droplet
on a surface is charaterized by the contact angle hysteresis (CAH), the difference between the
advancing contact angle (0}) and receding contact angle (0;). Lower CAH is desired for easy
droplet roll-off and coalescence during condensation. Facile droplet mobility delays condensa-
tion frosting and reduces ice accretion by facilitating departure of smaller droplets before they
can freeze on the surface [23,28]. Though Wenzel and Cassie-Baxter theories satisfactorily ex-
plain the wetting properties of a surface for a deposited droplet, they only provide an indication
of the state a microscale droplet would assume after nucleation and/or coalescence during phase

change [29].



CHAPTER 2

CONDENSATION

2.1 Introduction

Dropwise condensation (DWC) shows many folds increase in heat transfer rates than film-
wise condensation [30]. The wettability of a surface significantly affects the heat tranfer coeffi-
cient. Superhydrophobic surfaces enhance the DWC heat tranfer rate by limiting the maximum
size of condensate departurefrom the surface by droplet sliding and/or jumping [31,32]. Thus,
surfaces with superhydrophobic properties have been increasingly studied to promote DWC.
Condensates formed on a superhydrophobic surfaces assume either wetted (W), partially wet-
ted (PW) and/or suspended (S) states [33-36]. PW droplets locally wet the surface between
the nanoscale features still maintaining a high contact angle whereas, spherical S droplets rest
on composite solid-air interface. Nanoscale roughness and nucleation density dictate the con-
densate morphology and droplet growth [29,37]. The final wetting state of the micro-droplets
is thermodynamically governed by attainment of minimum interfacial free energy (IFE) while
a condensate dewets the surface texture (decreasing base radius) [38]. PW droplets are desired
over S morphology to enhance heat transfer [39]. The contact area of the PW droplets is larger
leading to faster growth rates while maintaining droplet mobility. In contrast, for applications

in anti-icing/anti-frosting the superhydrophobic surfaces must be designed to realize S droplet



morphology, limiting the solid-liquid surface area causing delay in freezing and facilitating easy
droplet roll-off.

In the present work we first study the condensation characteristics of the nanocomposite
coatings as a precursor to its frosting/anti-frosting behavior. The filler to polymer ratio in
the nanocomposite is varied to tune the nanoscale roughness thus influencing condensate mor-
phology. Optimal filler concentration (50 wt.% CNF in the solid coating) is identified to ensue
DWC. Sustained DWC is demonstrated at 13°C and high relative humidity (RH = 70%) on the
50 wt.% CNF coating. Effective defrosting on a surface is shown to be strongly influenced by

the droplet morphology and subsequent growth before condensation frosting.

2.2  Experimental

2.2.1 Materials and Methods

The first step comprised CNF (PR-24-XT-HHT; Pyrograf III, Applied Science Inc.,USA)
treatment with diluted acetic acid (ACS reagent, > 99.5 wt.%, Sigma Aldrich) solution (1:2
wt. ratio in acetone). The CNF dispersion (0.75 wt.% in acid and acetone) was then stabilized
by probe sonication (750 W, 13 mm probe dia., 40% amplitude, 20 KHz frequency, Sonics and
Materials, Inc., Model VCX-750) for 1.5 min. In another vial, fluoroacrylic copolymer (PMC,
20 wt.% in water, Capstone® ST-100, DuPont) was diluted with acetic acid and acetone (1:
2 wt. ratio) to form a 5 wt.% PMC solution. This solution was then mixed with the CNF
dispersion in different proportions to create 20 wt.%, 30 wt.% and 50 wt.% CNF (wt.% CNF
in the dried solid CNF-PMC nanocomposite) which was bath sonicated (Cole Palmer, Model

8821) for 10 minutes to form a ready-to-spray fluid. The final dispersion was then sprayed on



glass slides (7.5 x 2.5 x 0.1 cm?) using an air brush (Paasche, VL-Set Siphon feed, 0.73 mm
spray nozzle, at 15 psi (= 0.1 bar gauge pressure) from a distance ~ 5 cm and dried at 90°C in

a convective oven for half an hour to completely vaporize the solvents.

2.2.2 Wettability Characterization

Water (deionized) contact angle and contact angle hysteresis was measured by placing sessile
7uL water droplets on the coating; recorded by high speed camera (Redlake Motionpro) at 60
fps. For every new measurement, droplets were placed on a different location on the coating
and five measurements were made to produce each value. All wettability measurements were

made at room temperature.

2.2.3 Condensation

The condensation experiments were performed in a temperature- and humidity-controlled
environmental chamber (Espec, SH641) at contant ambient temperature of 13°C and high rela-
tive humidity RH = 70%. Figure 2 shows a schematic of the experimental setup. Humidity of
the chamber was monitored by an environmental meter (Aktakom ATE-9538). Peltier cooler
(Tetechnology, Inc., CP061) was used to heat/cool the surface temperature of the test coatings
independent of the chamber temperature. The coating was held at a constant temperature
of 2 £ 1°C. Thermally conductive glue (Omegatherm 201) was used to paste the samples on
the peltier stage. The temperature of the coatings was measured using T-type thermocouples
and recorded using a data aquisiton system (DAQ, Omega, 2400 series) at 5 Hz. All images

reported were extracted from real time video recorded using a CCD camera (Pulnix) with zoom
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temperature and humidity chamber

viewing window ——>

o
TH<— T1

A sample surface
peltier cooled

kaluminium plate

condensed droplets

rotary stage HP% T2

T1,T2 - thermocouple positions

Figure 2. Schematic of the experimental setup to study the condensation characteristics of
nanocomposites. Note: « is the angle of inclination.

lens (Optem 100). All tests were performed for a duration of two hours from when the coatings

reached the desired temperature.

2.3 Results and Discussion

We spray deposited the CNF-PMC dispersion on glass slides to form films of varying wet-
tability. The CNF's (diameter ~ 100 nm, length ~ 50 - 100 um after probe sonication) impart
texture required to achieve superhydrophobicity. PMC not only provides low surface energy
and improved substrate adhesion but also helps in dispersing and stabalizing the CNF's in the
solvent system [24]. The surface morphology of CNF-PMC coatings for increasing CNF load-
ing is shown in the Figure 3. The surfaces apprear to made of similar randomly distributed

microscale features (Figure 3). Table I lists the wettability properties of CNF-PMC coatings
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Figure 3. Scanning electron micrographs showing the morphology of varying compositions of
CNF-PMC spray cast composite films on glass (a) 20 wt.% CNF (b) 30 wt.% CNF and (c) 50
wt.% CNF in the solid composite. (d), (e) and (f) show higher magnification images of (a),
(b) and (c) respectively. The zoomed out images show coverage of the polymer matrix in the
CNF web.

with increasing CNF wt.% of the dried solid coating. As the filler loading increased the sur-
faces became more hydrophobic, showing a transition from hydrophobic, 20 wt.% CNF coating
with (0* <150°) to superhydrophobic and selfcleaning 50 wt.% CNF coating (6* >150°and
CAH<10°). The transition from hydrophobicity to superhydrophobicity occured at CNF load-
ing of 30 wt.%. Sessile droplets deposited on 20 wt.% CNF coating remained stuck even when
the surface was placed vertically. The 20 wt.% CNF coating forms a sticky hydrophobic surface

indicated by the high apparent contact angle (0*) and very low receding angle (6) (Table I).
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TABLE I

WETTABILITY DATA FOR DIFFERENT COMPOSITIONS OF CNF-PMC COATINGS.

Composition  Contact angle Advancing contact Receding contact Contact angle

angle angle hysteresis
20 wt.% CNF 141°+ 4° 166°+ 1° ~ 0° S¢
30 wt.% CNF 159°+ 2° 168°+ 2° 150°+ 2° 18°+ 3°
50 wt.% CNF 163°+ 2° 169°+ 2° 157°+ 1° 11°4 2°

¢S indicates that the droplet remained stuck to the surface.

Higher magnifications of the SEM micrographs reveal visible differences in nanoscale fea-
tures. Figure 3d is the zoomed out image of 20 wt.% CNF coating showing randomly distributed
CNF's forming a mesh like structure immersed in the polymer matrix exposing only slightly the
curved features of the CNF mesh. Whereas, magnified image of the 50 wt.% CNF coating
(Figure 3f) shows three dimensional porous structure of the CNF mesh of varying pore sizes.
These pores are formed by highly reentrant features of the CNF's favouring thermodynamically
stable liquid-solid interface [40]. The reentrant texture formed by the CNF mesh enable the
composite films to repel low surface tension liquids like oils [41]. Superoleophobicity is higly
desirable to prevent loss of water repellency due to external contamination. The polymer forms
interconnecting webs between the porous CNF structure for 30 wt.% CNF loading.

Droplets nucleated at random locations during the initial phase of condensation. The
droplets remained stationary as they grew, until they coalesced with neighbouring droplets
forming larger condensates. The droplet morphology for first 30 min of condendation is ob-

served in Figure 4. The condensates on 20 wt.% CNF coating are in Wenzel state causing
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the surface to appear dark. The wetted droplets remained immobile even after merging with
neighbouring droplets as seen after 60 min of condensation, until they grew large enough to
be shed by gravity (Figure 4). The contact line of the wetted droplets remained pinned to
the surface significantly reducing the droplet mobility. The droplets on 30 wt.% and 50 wt.%
CNF coatings appeared spherical in shape. These droplets appear shiny from the light reflected
from the air pockets trapped between the liquid-solid interface suggesting the droplets assume a
Cassie state. Droplets on the superhydrophobic surfaces moved rapidly on merging with neigh-
bouring droplets, opening fresh sites for nucleation (Figure 4b). These merging events were
more frequent on the 50 wt.% CNF coating showing higher droplet mobility and lower surface
adhesion of the condensates. Although the droplets on the 30 wt.% CNF coating remained
spherical in shape they showed limited droplet mobility.

After ~ 60 min, the droplets grew large (few mm in diameter) enough to be acted upon by
gravity, trigging droplet shedding. Surfaces immediately after such a shedding event is show in
Figure 4c. A thin liquid film is left behind a shedding droplet on the 20 wt.% coating. Such a
thin liquid film is undesriable as it adds to the thermal resistance decreasing the overall heat and
mass transfer. Further, the liquid film entirely covers the surface inhibiting DWC, Figure 4d
shows the surface still covered by the liquid film 10 min after the shedding event. Shedding
droplets cleared up fresh nucleating sites on 30 wt.% and 50 wt. % CNF coatings (Figure 4c).
The superhydrophobic surfaces were rejuvinated with new condensates which grew (Figure 4d),
merged and departed from the surface repeating the growth-shedding cycle. Figure 5 clearly

shows the wetted regions or spots after a droplet shedding event. Wetted spots on the 30 wt.%



Figure 4. Time evolution of droplet condensation, (a) 30 min and (b) 60 min from the time of
cooling. (¢) Nanocomposite surface immediately after a droplet shedding event. (d) Time
evolution of condensates 10 min after droplet shedding event in (c). Images (c) and (d) are
captured over the same sample area. Note: The bright rings observed on the droplet are
reflections of the light source.



Figure 5. Images captured immediately after a droplet shedding event on (a) 20 wt.%, (b)
wt.% and (c) 50 wt.% CNF coatings. The highlights show wetted regions or spots.

(@) (b) (c)

PW S
W

L B R e N A

Figure 6. Different condensate morphologies: (a) wetted, (b) partially wetted, and (c)
suspended states on hypothetical nanostructured surface.

15
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coating suggest that the condensates assume PW morphology. 50 wt.% CNF-PMC coating
showed sutained DWC indicating a mobile S condensate morphology (Figure 6). Increased
droplet mobility leads to larger number of merging events, this is higly desirable as merging
events can cause transition from PW to S state [29,42]. The average diameter of the departing
droplets for 10 such shedding events were recorded. The average macroscopic droplet shedding
diameter on 30 wt.% CNF coatings was 3.2 + 0.5 mm and on 50 wt.% coating was 2.5 + 0.4
mm. The droplet shedding diameter on 50 wt.% coating is comparable to the capillary length
(~ 2.7 mm), almost ~ 30% smaller than average droplet shedding size of 30 wt.% coating.
Larger CAH causes contact line pinning and the partially wetted spots lead to larger sliding
droplets on the 30 wt.% CNF coating as compared to the 50 wt.% coating. 50 wt.% CNF
coating showed supreme performance under condensation.

Nanoscale texture influences the condensate morphology. Smaller droplet shedding diame-
ters correspond to lower CAH. Lower CAH is highly desirable to facilitate sliding/shedding of
smaller droplets before freezing on the surface preventing icing. Residual liquid films or wetted
spots after shedding compromise the wettability of the surface, acting as preferred sites for
ice nucleation or frosting. Efficient shedding is attained when a surface is tuned to promote S
condensates. Growth rate of S condensates is lower than PW condensates [39]. Hence, under
condensation frosting a surface promoting suspended condensates will have smaller droplets

with reduced liquid-solid contact area forming Cassie frost.



CHAPTER 3

FROSTING AND DEFROSTING

Nanostructured superhydrophobic surfaces show significant delay in frosting i.e., the con-
densed micro-droplets remain in a liquid state below freezing temperatures for longer durations.
Condensates on superhydrophobic surfaces assume high contact angle similar to deposited ses-
sile droplets at room temperature thereby, increasing the free-energy barrier for heterogeneous
nucleation [43—45]. High contact angles indicate that the droplets rest on a composite (solid-
air) interface, the air layer decreases the over all heat exchange between the droplet and the
surface providing insulation thus, delaying solidification [46]. Increased droplet mobility owning
to low CAH of superhydrophobic surfaces facilitate jumping-droplets, where the excess surface
energy released upon droplet merging, impart enough kinetic energy for out-of-plane droplet
departure, further delaying freezing [35,47]. Though superhydrophobic surfaces manifest frost-
ing delay and supress frost growth they cannot completely eliminate frost formation. Frost
or condensates compromise the wettability of the surface rendering it useless in icing condi-
tions; also, increasing the ice adhesion [13]. Hence, robust anti-icing surfaces must be superior
anti-frosting surfaces facilitating efficient defrosting. Having identified an optimal composition
to promote DWC (chapter 1), we next investigate the condensation frosting performance of
the 50 wt.% CNF coatings. Very few studies have been performed on surfaces which show
complete dewetting of the melted frost from the surface at relatively low inclination angles

(called dynamic defrosting) [9,22]. Dynamic defrosting reduces the time, energy and gravi-
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tational force required for deicing. CNF's not only impart surface texture required for robust
superhydrophobicity but also bear the nanocomposite electrical conductivity. In the present
study the temperature of the coating is rised by passing current through the conductive coating
(i.e, joule heating effect) to actively mitigate ice formation. The electrothermal response of the
self-heating superhydrophobic coating is charaterized and its heating performance is compared
to nanocarbon based heaters reported in the literature. Dynamic defrosting by skin heating
is demonstrated as an active electrothermal approach to keep the coating ice-free. Heat is ap-
plied locally (ice-surface interface), minimizing energy loss and time spent in rising substrate
temperature.

3.1 Experimental

3.1.1 Materials and Methods

Same procedure was followed as reported in section 2.2.1 to spray cast 50 wt.% CNF-PMC
coating on glass slides.

3.1.2  Electrical Resistance and Temperature Measurement

Electrodes were deposited on the dried coatings by first applying highly conductive silver
paste (Ted Pella, Inc., Pelco colloidal liquid) and pasting conductive Cu tape (McMaster-
Carr) once the silver paste was dried (Figure 7a). The resistance of the coating was measured
by four probe measurement technique using a digital multimeter (Agilent 34401a). The I-V
charateristics were determined by an electrometer (Keithley 6517) with an variable DC voltage
source (Keithley 230). The heating performance of the coatings was measured by applying

constant DC voltage (Sorensen DCR 40-13B). The real time temperature evolution of the



19

coatings was measured by T-type thermocouples (locations of thermocouples on the coating
is shown in Figure 7b) using a data aquisition system (DAQ, Omega, 2400 series) at 5 Hz.
Temperature evolution measurements were made in well controlled environment of 20°C in a
temperature- and humidity- controlled environmental chamber (Espec, SH641).

3.1.3 Condensation Frosting

The condensation frosting experiments were performed in the setup as described in section
2.3.3. The chamber is maintained at a constant ambient temperature of 15°C and high relative
humidity RH = 80%. For every test, the coating was cooled at a steady rate of ~ 3°C/min
from the ambient temperature to a constant temperature of -10 & 1°C. Such a low cooling rate
was chosen to ensure that condensation was the prominent phase change mechanism followed
by frosting. Frost was allowed to accumulate for 1 hour from the onset of cooling. To study
dynamic defrosting, a constant DC voltage (Sorensen DCR 40-13B) was applied across the
coating until the coating was completely frost-free.

3.2 Results and Discussion

3.2.1 Coating wettability and heating performance

We spray deposited CNFs in a fluoroacrylic co-polymer (PMC) matrix on glass slides to form
superhydrophobic and self-cleaning films. PMC provides low surface tension and good substrate
adhesion, while CNF's provide hierarchical micro/nano scale surface texture and electrical con-
ductivity when deposited in concentrations well above percolation [48]. Figure 7 shows distinct
microscale features formed by the CNF network with highly re-entrant cylindrical geometry in

a mesh-like configuration. This combination of low surface energy and hierarchical roughness
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Figure 7. SEM images of superhydrophobic and conductive CNF-PMC spray cast coating (50
wt.% CNF weight in the solid coating) with increasing magnification from (a) to (b). The
inset in (b) shows a sessile 7uLL droplet on the CNF-PMC film in a superhydrophobic state
(CA = 155°) induced by the re-entrant nature of the entangled CNFs held together by the

PMC.

leads to high water CA of 155°+ 2°and low CAH of 5°+ 3°(rollover angle<10°) measured with
sessile 7uLs droplets at room temperature and 40% RH.

We characterized the heating performance of the coatings with applied DC voltage. Fig-
ure 8a shows the step-wise sample assembly process of first depositing electrically conductive
Ag paste and then Cu tape to form low resistance electrodes at the edges of the coated slides.
Lower electrical contact resistance at the electrodes improves the heating performance, which
is facilitated by the layer of silver paste. The resistance of the coating was measured using the
four probe measurement technique and varied from 576 - 73 2. The sheet resistance of the
coating (Figure 9a) decreased from 180 2 sq! to 24 Q sq! as solid mass deposited on the glass
slide increased; the coating buildup was achieved by multiple spray passes over the same area.
The lowest sheet resistance corresponded to the highest coating add-on level of ~11.5 gm™.

The smaller error bars of the resistance measurement for higher coating add-on levels indicate
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Figure 8. (a) Stepwise process of depositing electrodes on the dry CNF-PMC coating on glass
slide (7.5 x 2.5 cm). (b) Schematic of the setup electrothermal characterization.

that the nanocomposite attains a minimal resistivity with increased coating thickness. No sig-
nificant change in wettability was observed with the amount of coating deposited. Figure 9b
shows linear I-V characteristics with varying DC voltage.

The temperature evolution of the coating with time for fixed input DC voltage in a closed
environmental chamber (no forced circulation) is shown in Figure 9c. The temperature of the
coating rose rapidly and attained a constant value after reaching thermal equilibrium with
the surroundings. The equilibrium temperature depends on the input power, convective heat
transfer coefficient (natural convection is present) and the cross-section area of the coating
(i.e. its thickness, since the coating width is fixed). As expected and shown in Figure 9d,
the steady state temperature increased linearly with input power density (W cm2). Previous
studies on heating performance have established that the transient (or dynamic) response of
a heater depends on the conductive losses between film and the substrate but, the steady

state temperature attained for a given input power density is dictated by material- ambient
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gas interactions quantified by the convective heat transfer coefficient [49,50]. We evaluate
the heat performance of the CNF film by the slope of the steady state temperature variation
with input power density (Figure 9d). This temperature varied linearly with power density.
Table 2 compares the heating performance of various CNT based heating systems. The heat
performance value of 153 °C cm™ W-! obtained herein is comparable to the values reported in
previous studies that used nanocarbon based materials primarily to form much thinner films.
Despite their micro/nano texture, which provides a larger area for convective heat losses, the

present coatings perform well thermoelectrically.

TABLE II

COMPARISON OF THE HEATING PERFORMANCE OF NANOCARBON-BASED
HEATERS FROM LITERATURE.

Material Substrate Heat performance Method Reference
104°C m? W

SWCNT glass 212 spray deposition [49]
glass 208 dip coating [51]

CNF glass 153 spray deposition present

MWCNT/Pd® free standing sheet 99 chemical vapor deposition [50]

MWCNT PET® 94 chemical vapor deposition [52]
free standing sheet 27 chemical vapor deposition [50]

%thermally grown granular type palladium.
bpolyethylene terephthalate.
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Figure 9. (a) Reduction in sheet resistance with amount of solid CNF-PMC coating deposited
on the glass substrate. (b) I-V characteristics of the CNF-PMC coatings with varying sheet
resistance (coating thickness). (¢) Temperature evolution of a 110 Q@ CNF-PMC coating for

various values of applied DC voltage. (d) Steady state temperature versus input power
density for the same coating as in (c).
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3.2.2 Condensation Frosting and Defrosting by Joule Heating

We study condensation frosting on the coating by gradually cooling the surface from the
ambient temperature (Ta) of 15°C to -10 + 1°C under relative humidity of 80%. Low cooling
rate (~3°C/min) is employed to ensure condensation as the dominant mode of phase change, fol-
lowed by frosting. As previously demonstrated dropwise condensation on micro/nanostructured
superhydrophobic coatings creates highly mobile micrometer size droplets. After the initial nu-
cleation phase, the droplets coalesced to form larger droplets, and in that process, some gained
enough energy to depart the surface. Figure 10 shows a sequence of such droplet jumping
events. Droplet jumping is dictated by the micro/nano structure and the nucleation density;
here we observed jumping from merging of a large cluster of droplets (each < 50um in diame-
ter). Not all droplets departed from the surface and those that remained on the surface after
further coalescence and growth eventually reached a supercooled state. Thereafter, supercooled
droplets froze by a propagating freezing wave front that initiated at the edge of the sample.
Freezing of the supercooled condensate on the superhydrophobic surface caused a sudden loss
of both droplet mobility and transparency, as the droplets turned hazy due to crystallization.
The frost preferentially grew outwards from the surface (Figure 11) forming a highly porous
dendritic network. The frost thus formed on the surface was mostly in a Cassie state, called
Cassie frost.

Using the above procedure, we let frost accumulate on an uncoated glass slide, and two
identical CNF-PMC coatings, one of which was connected to a DC power source. These three

samples are shown side-by-side in Figure 12, which depicts them in their frosted state. On
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Figure 10. Image sequence showing out-of-plane droplet jumping. Two clusters of droplets
below 50um are encircled in red in (a) in their pre-coalescence state (1,2). In (b), the droplets
in the red area are still distinct (2), while those in the yellow area have coalesced and
departed out of the surface leaving behind pristine sites for fresh nucleation to occur thereby
(1'). In (c), both areas are devoid of droplets and start a new cycle of liquid nucleation (1',2).

the glass slide, the condensate froze immediately after the temperature declined below 0°C. As
expected, both coatings frosted simultaneously showing no difference in frosting delay and frost
morphology compared to each other. To activate skin heating, a constant DC voltage of 40V
(power density of 0.77 Wem™) was applied across the active coating till the surface became
completely frost free. The peltier cooling was active during this entire procedure to eliminate
any heating from underneath the coating; this also required the application of relatively large
voltage (40V) to overpower the heat drained by the peltier stage.

The phenomenon of defrosting was studied in further detail by viewing a smaller area (8.5 X
8.5 mm); see sequence in Figure 13. Frost was accumulated for an hour from when the sample
was cooled to -10 + 1°C under high humidity conditions (ambient temperature of 15°C and RH

of 80%). Constant DC voltage of 40V (power density of 0.77 W cm™) was applied and the
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Figure 11. Stages of frost growth. The condensed supercooled droplets froze, frost
preferentially grew on the tip of the droplets forming a porous dendritic stucture.
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t=0s,0=90°

t=70s

1\ Skin heating
O—

Figure 12. Surfaces (a) glass slide, (b) 50 wt.% CNF coating and (c¢) 50 wt.% CNF coating
with joule heating after exposure to humid ambient (15°C and RH = 80%) for 1 hour.
Surfaces (d) glass slide and (e) 50 wt.% CNF coating still covered with frost and (f) 50 wt.%
CNF completely frost free after application of 40V DC for 70s. (g) Sequence of images
showing rapid transition of frosted coating (c) to completely ice free surface (f) by joule
heating. Each image in sequence (g) is captured 10s apart.
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temperature of the coating was recorded in real time until complete defrosting. We observed
that the thick layer of frost started to melt from above (ambient side) and below (coating side).
This was confirmed by viewing the defrosting process sideways. The continuous layer of the frost
fractured, while the melted water wicked and spread in the porous hydrophilic frost layer above,
to form solid-liquid slush. Most of this slush maintained the form of a sheet that separated
from the surface making it mobile, except for few anchor points along the edges of the coating.
The slush sheet then curled away or detached and slid off (as «=90°) the surface, leaving the
coating frost free. The temperature of the coating was measured to be ~2°C, just above the
melting point. Complete defrosting at low temperatures (around 0°C) is highly desired as it
would save time and cost needed for deicing in sub-zero conditions where there is no heating of
the frost layer from the ambient side.

In situations where external forces are unavailable to aid defrosting (e.g., wind shear, gravity
etc.), the surface property must promote facile dewetting. Figure 14 shows dynamics of the
defrosting at an inclination angle of 10°. The frozen Cassie condensate melts, and this melt wicks
into the porous frost forming a partially melted sheet. It is interesting to note that the sheet of
solid-liquid slush was seen to curl away from the coating at low inclination angles. Further, the
partially melted frost completely dewets the coating, thus forming mobile droplets which roll
away [9]. The micro/nano hierarchical structure energetically favors complete dewetting during
the phase change process and aids liquid mobility [22]. The last three images of the sequence
in Figure 14 demonstrate the ability of the coating to regain its superhydrophobicity while still

maintaining its self cleaning ability. The capability of the present coating to completely defrost
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Figure 13. Top view of dynamic defrosting by skin heating. A constant DC voltage of 40V
was applied to the coating till the coating became frost free. The temperature of the coating
rose from -10°C to just above melting point (~2°C), eventually leaving a frost-free surface.
Time was set to zero from the point of application of the voltage.
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Figure 14. Side view images showing dynamic defrosting at low angle of inclination of
« =10°in humid environment (ambient temperature of 15°C and RH of 80%).

(@  porous frost (b) (c)
fractured frost sheet rolling droplet
_—

i fracture
frozen condensates : mobile solid-liquid mixture
micro/nano hier!rchical surface

melted dropleis
Figure 15. Illustration of dynamic defrosting. (a) Porous frost formed on the frozen
condensates in a Cassie state, (b) Melted droplets absorbed by the porous medium. The frost

layer fractures carring partially melted solid-liquid mixture. (c) The sheet of solid-liquid
mixture either curls away or forms a droplet that rolls away leaving a frost-free surface.

without the need of large external force is extremely desirable as a standalone system to address

ice mitigation.



CHAPTER 4

CONCLUSION

A simple, scalable and low-cost technique is presented to cast carbon nanofiber based super-
hydrophobic coating for anti-icing/anti-frosting applications. Firstly, the wettability of CNF-
PMC based nanocomposite was tuned by varying the filler concentration. A sudden transition
from sticky hydrophobic to superhydrophobic and self-cleaning surface occured at 30 wt.% filler
loading. An optimal nanocomposite composition (50 wt.% CNF loading) was identified to ensue
sustained DWC showing nucleation, growth and shedding cycle. Nanoscale features governed
the condensed micro-droplet morphology. Suspended droplet morphology was identified to be
highly desirable, showing supressed droplet growth, while maintaining high droplet mobility.

In conclusion, for the first time, dynamic defrosting was demostrated on carbon nanofiber
based polymeric film that facilitate skin heating. Distribution of smaller droplets in a suspended
state lead to weak anchor points for the frost formed on a cold surface exposed to a humidity-
rich ambient. The low surface area covered by the drops provides low adhesion of the highly
porous frost layer formed on the repellent surface. When heated from underneath, the frost
anchoring points first melt to be absorbed by the hydrophilic porous medium built above
it. Low surface wettability aided by the wicking of the liquid into the porous frost help the
liquid slush to completely dewet the heated surface. The partially melted frost layer thus
released from the surface shrinks due to the energetically driven reduction in surface area of this

mixed medium. The frost layer curls away from the surface, further assisting dewetting, finally
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leaving behind a completely dry surface when the floating slush volumes slide off. The heating
performance of coatings compared well with the other existing nanocarbon based heaters. Thus,
facile defrosting enabled by micro/nanotextured, self-heated, superhydrophobic surfaces shows
promise to the icing problem. An advantage of joule heating of the superhydrophobic film is
that it eliminates the need for any external source of heating element/system, reducing cost,
space and weight. Optimized pulsing of voltage and smart re-routing of leak-current can further

reduce energy consumption during de-icing.
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