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In this thesis, the use of femtosecond laser surface processing (FLSP) to enhance
the anti-icing properties of a commonly used aircraft alloy, Al 7075-O Clad is described.
By changing the surface morphology through FLSP and the surface chemistry through
siloxane vapor deposition, the wettability of Al 7075-O Clad was altered.

Condensation and the subsequent freezing of condensates on FLSP Al 7075-O
Clad was studied. Both structure height and surface wettability were shown to play a role
in the delay of freezing. Freezing occurred on the FLSP superhydrophilic surface faster
than on the unprocessed Al 7075-O Clad surface, however, freezing was delayed for all
superhydrophobic FLSP surfaces. Tall structure height FLSP functionalized surfaces
delayed freezing time longer than short structure height FLSP functionalized surfaces
although all were superhydrophobic. It was shown that FLSP functionalized surfaces
were able to delay freezing by up to 530 seconds compared to unprocessed Al 7075-O
Clad. Self-propelled condensate jJumping on FLSP surfaces occurs during the condensing
process. The self-propelled jumping phenomena provides a means to promote anti-icing
of materials, especially where jumping drops can be swept away in flow conditions

The dynamics of supercooled water droplet impact onto FLSP and unprocessed
surfaces was also studied. Imaging of supercooled water droplet interaction dynamics on

a solid Al 7075-0O Clad cold substrate for a droplet diameter below 160 pm is shown for



the first time. Results indicate that microscale supercooled water droplets at low
velocities will stick and freeze to unprocessed Al 7075-O Clad surfaces, while FLSP
surfaces will repel droplets under similar conditions. A method for estimating the cooling
of small falling water droplets in an environment of about -16 °C is described. This
method gives insights for determining the temperature of supercooled droplets for the
range of droplet diameters used in the experimental studies included in this paper. In
addition, a way to estimate the nucleation site of a supercooled droplet by extrapolation

of dendrite front velocity is provided.
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Chapter 1

Dynamics of ice formation

As water is cooled below its freezing point it enters a thermodynamically
metastable liquid state commonly known as supercooled. Supercooled water will freeze if
an event occurs to trigger ice nucleation. Although the fundamental mechanism of
nucleation in the freezing of water is not currently understood [1, 2], nucleation can be
predicted using classical nucleation theory [3, 4]. Following the classical nucleation
theory, the formation of an ice nucleus in supercooled water requires excess Gibbs free
energy to overcome the nucleation barrier [5]. The nucleation barrier is a function of
surface wettability [6], thus, the heterogeneous critical energy barrier of a
superhydrophobic surface approaches the homogeneous critical energy barrier [7].
Nucleation of ice within the supercooled droplet can be triggered through a variety of
means including: impurities in the water [8], mechanical shock [3], thermal fluctuation
[9], or contact with a cooled surface [2]. By limiting perturbations that can trigger ice
nucleation, Goy et al. [10] have shown the ability to cool bulk water to temperatures as

low as -42.55 °C in a low pressure environment.

Nucleation is expected to initiate at the solid-liquid interface as the heterogeneous
critical activation energy is lower [6], although nucleation has also been shown to initiate
at the liquid-vapor interface under a sufficient shearing gas flow [11]. Once nucleation
has initiated, supercooled freezing of the volume occurs. Supercooled droplet freezing
occurs in two phases. During the first phase, or recalescence phase, which occurs on the
order of milliseconds, the temperature of the droplet is rapidly increased to
thermodynamic equilibrium. It is a kinetically controlled process in which ice dendrites,
originating from the nucleation site, propagate throughout the volume of the droplet [12].
The velocity and density of the dendritic front is largely dependent on the level of initial
supercooling of the droplet [13]. The second phase of supercooled freezing, which occurs

on the order of seconds, occurs at thermodynamic equilibrium. During this stage the



remaining liquid in the droplet freezes. In the case of sessile droplets, the freezing front
originates at the substrate and propagates in the opposite direction of the heat flux [13].
The freezing front becomes curved due to boundary conditions at the triple phase contact
line (TCL) [14, 15]. The curvature of the freezing front is responsible for the cusp that

develops in frozen sessile droplets [16].

The rapid heating that occurs during recalescence causes a rapid evaporative
effect during which a condensation halo develops [11]. If allowed to freeze this
condensation halo can trigger nucleation in surrounding supercooled droplets that have
not begun the freezing process [17-19]. Thus, the adhesion and freezing of any one
droplet will subsequently lead to larger scale ice accumulation in sustained icing

conditions such as droplet impacts during freezing rain.



Chapter 2

Femtosecond laser surface processing of
Al 7075-0 Clad

FLSP is unique surface functionalization technology in the fact that the surfaces
produced are composed of microscale structures covered with nanoscale particles
produced in a single processing step [20]. FLSP surfaces can be made superhydrophobic
through a variety of methods used to lower the surface energy of the micro and nanoscale
textured surfaces, including vapor deposition of low surface energy molecules or

adsorption of adventitious carbon from a hydrocarbon rich atmosphere.

2.1 Various structures created on Al 7075-0O Clad

FLSP is commonly performed by rastering the Gaussian beam profile across a
surface in a raster pattern. The throughput when rastering is typically higher than with a

TH beam. A typical FLSP processing setup is shown in Figure 2.1.

Mirrors 150mm

Sample

Shutter, %
waveplate,

and polarizer Computer controlled

linear stages

Figure 2.1: Schematic of the femtosecond laser surface processing setup used in this
work.

When rastering with a Gaussian beam profile, fluence becomes a function of the
beam diameter at the surface and the average power. This method is shown in more detail
by Liu [21]. When using the Gaussian beam in the raster, calculating the fluence and the
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shot number incident to the surface becomes more complex. The shot number becomes a

function of the total number of overlapping pulses at each unit area. In common
laboratory practice, the fluence at the processed surface is controlled through a A/4-
waveplate and polarizer combination, a focusing optic, and a linear stage while the shot
number is controlled by beam diameter, the pitch of the raster, and translational speed of
the translational stages.

Just as Zuhlke et al. [22] have shown on other materials, the laser parameters used
during FLSP of Al 7075-O Clad has an impact on the size and structures formed.
Structures formed by FLSP on Al 7075-O Clad are shown at 12 combinations of 4
fluences and 3 pulse count are shown in Figure 2.2. The structures were imaged using an

SEM and laser scanning confocal microscope (LSCM) (Keyence VK-X200K).



R 25

2 8.18 Jem? 10.91 J/em?

654 )u}scs

e
SEM at 400x

B . bl
2.73 J/em 545 Jem®

Laser Scanning Confocal Microscope

Figure 2.2: Al 7075-O Clad Processed at 12 different combinations of fluence and shot
number. Images shown are: SEM at 400x magnification (top), SEM images at 1600x

magnification (center), and with 3D LSCM.




By analyzing the LSCM images with Keyence Analyze software, the change in
microstructure of the Al 7075-O Clad surface change be quantified. These arbitrarily
chosen fluence and pulse number were shown to produce surfaces structures that varied
drastically. For the range of fluence and pulse count FLSP produced surfaces with a
microscale roughness spanning from 2.3 to 29.6 um, an average maximum structure

height from 21.9 to 184.9 um, and a surface area to geometric area ratio from 1.7 to 3.9.

Note: The average roughness, average structure peak to valley height, and surface area to geometric area
ratio for all combinations of fluence and pulse count on FLSP Al 7075-O Clad is shown in the appendix
beginning on page 44.



Chapter 3

Condensation and subsequent freezing
delay as a result of using FLSP surfaces

There are many applications where metallic anti-icing surfaces would be
desirable. Typical applications include power line cables, aircraft, wind turbines, and cold
weather marine applications. Various anti-icing studies have been reported in previous
publications [23—-26]. Surface wettability, which can be controlled by micro/nanoscale
features along with surface chemistry, is an important parameter for controlling ice
buildup. Superhydrophobic and hydrophobic surfaces have been shown to delay freezing
on various substrates [23-25, 27-31]. In work by Van Dyke et al. [31], the relative
humidity of the atmosphere was shown to be an important factor in icing due to

condensation.

Femtosecond laser surface processing (FLSP) has been previously shown to
produce different self-organized micro/nanoscale surfaces on metals [22]. Structures
produced through FLSP can be controlled by varying the laser fluence and pulse count.
FLSP surfaces can be made superhydrophobic by vapor deposition. In this chapter, the
delay of condensation and subsequent freezing on superhydrophobic and
superhydrophilic FLSP functionalized and unprocessed Al 7075-O Clad surfaces is
investigated. Superhydrophobic FLSP functionalized tall mound surface delayed the time
required for freezing of condensation the longest. This is the first time that the impact of

FLSP structures on the time required for freezing of condensation to occur.

Condensate on superhydrophobic surfaces has been shown to spontaneously jump
upon coalescence [32]. Self-propelled condensate jumping exhibits a self-cleaning effect
which has been shown to delay condensation and subsequent freezing time [33]. In this
paper, self-propelled jumping condensate on FLSP functionalized surfaces is shown for

the first time.
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3.1 FLSP surfaces used for study of condensation and
subsequent freezing delay

Quasiperiodic microstructures covered with nanoparticles, were produced through
FLSP on various 40 by 40 by 1 mm Al 7075-O Clad aircraft aluminum alloy samples.
The laser used in this work was a Coherent, Astrella laser system, which produces 35 fs,
800 nm pulses at a 1 kHz repetition rate, with a maximum pulse energy of 6 mJ. The size
and shape of the FLSP micron scale features were modified by controlling the laser
fluence and the number of laser pulses incident on the sample using a technique described
by Zuhlke et al. [20, 22].

By varying the laser parameters, two different mound structures were created on
Al 7075-0O Clad. For tall mound surfaces, the laser fluence value was 6.03 J/cm2 and the
laser spot radius was 200 pum. Each region was irradiated with 341 pulses. For the short
mound surfaces, the laser fluence value was 2.80 J/cm2and the laser spot radius was 282
pum. Each region was irradiated with 506 pulses. LSCM 3D view and SEM images of the
unprocessed Al 7075-O Clad, and two structure subsets, SMS and TMS, are shown in
Figure 3.1.



% all’

00 0. Oym

Figure 3.1: (a) LSCM 3D view of unprocessed Al 7075-O Clad, (b) SEM image of
unprocessed Al 7075-0 Clad, (c) LSCM 3D view of short mound surface, (d) SEM
image of short mound surface, (e) LSCM 3D view of tall mound surface, (f) SEM image
of tall mound surface.

The intrinsically superhydrophilic FLSP Al 7075-O Clad surfaces were made
superhydrophobic (functionalized) through vapor deposition of VMQ O-rings
(McMaster-Carr 9396k105). The FLSP samples and the O-rings were placed on a
Thermolyne Cimarec 2 heater and covered with a glass filter funnel. The samples were
placed radially around the O-rings. The FLSP surfaces were face up. The air temperature
inside the funnel was kept at 182.1 °C, measured by a thermocouple suspended inside the
funnel. The heater plate temperature was 263.4 °C, measured with a thermocouple rested
on top of the heater plate. The vapor deposition period was 2 hours. For the first 20
minutes, the nozzle of the funnel was left open. After 20 minutes, aluminum foil was
used to seal the nozzle. One tall mound surface sample was kept superhydrophilic
(referred to as superhydrophilic). All other FLSP samples were made superhydrophobic
through vapor deposition of siloxanes (referred to as SMS1, SMS2, TMS1, and TMS2).
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The intrinsic contact angle of all samples was measured using a Ramé-hart

Goniometer/Tensiometer Model 790 with DROPimage Advanced software. The water

droplet size used for the contact angle measurements was 5 pL.

3.2 Condensation and subsequent delay of freezing

A Peltier cooler system was constructed with the following elements: a 2 Stage
Peltier Module (Custom Thermoelectric 25412-5L.31-07CQQ); a copper water block
(Custom Thermoelectric WBA-1.62-0.55-CU-01); and a flat aluminum plate (Custom
Thermoelectric CPT-2.25-1.62-0.25-AL). Excess heat from the Peltier cooler was
dissipated through a copper cooling block supplied with chilled water at 5 °C supplied by
a LYTRON circulating chiller (RC006G03BB1C002). The temperature of the flat
aluminum plate was controlled with the following elements: a Kapton insulated K-type
thermocouple (OMEGA 5TC-KK-K-20-72); a solid state relay (OMEGA
SSRDC100VDC12); a PID Controller (OMEGA CNI-16D44); and a voltage supply
(KEPCO JQE 25-10M). The thermocouple was secured and thermally bonded (Omega
OT-20-1/2) in the compression mounting of the flat aluminum plate. Samples were
placed on the flat aluminum plate. Dry nitrogen gas at a velocity of approximately 20 m/s
was flowed over the samples to prevent condensation from occurring before the start of
data collection. The voltage and current to the Peltier cooler were kept constant at 8 V
and 3.85 A, respectively. The PID controller was set to -15 °C. The cycle time for the
relay and PID controller was 1 second. The assembled temperature controlled Peltier
cooler system is shown in Figure 3.2.
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Omega
controller,
relay and
voltage source

Flat Al plate attached to
thermocouple

—— Peltier cooler
Copper heat

s J dissipation
Chiller i
Figure 3.2: Diagram of thermoelectric cooler system.

With the nitrogen gas flow on and the Peltier on, the samples cooled from room
temperature at 22 °C to -2.3 £ 0.2 °C (£ as standard deviation). The nitrogen flow was
stopped when data recording was initiated. The temperature of the samples further
decreased from -2.3 °C to -15 °C, where it was kept constant by the PID controller
switching the relay on and off. The relative humidity in the room was 25%. Humidity and
room temperature were measured using a dual humidity and temperature meter
(McMaster-Carr 39175K21). The Peltier cooler system was mounted on the Keyence
Laser Scanning Confocal Microscope (LSCM) VK-X200K with the view centered on the
samples. The LSCM optical microscope was used to monitor and record videos of the
condensation and subsequent freezing on the samples. The LSCM was used to measure
average structure height (Rz). The time required for condensate freezing is defined as
when condensates from the atmosphere have frozen (solidified) over the entire surface
being monitored by the optical view of the LSCM.

After removing the nitrogen flow from the samples, each sample followed a
similar cooling rate to -15 °C as shown in Figure 3.3. It should be noted that the
temperature of the superhydrophilic surface dropped faster than that of the other samples.
The increased rate of temperature drop is contributed to the film condensation on the
superhydrophilic surface which acts to insulate the surface from the atmosphere, while

condensation on the other surfaces occurs in a dropwise manner.
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Figure 3.3: Initial sample cooling from -2.3 °C to -15 °C
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The average structure height, contact angle (CA) before and after experiment, and

time for freezing of each sample are shown in Table 3.1. The time required to cool the

samples to -15 °C is included in the entire surface freezing time.

Table 3.1: Sample surface characteristics, contact angle (CA) before and after the

experiment, and condensation and subsequent freezing.

Average Height

CA Before

CA After

Entire Surface
Freezing Time

Rz (um) Experiment (°) Experiment (°) )

Unprocessed Al 7075-0 Clad 1.2+0.6 53+9 772 188
Superhydrophilic surface 55.3+4.4 0 0 41
SMS1 212+52 168 +2 168 + 4 545

SMS2 16.9+3.0 170+ 4 168 +2 567

Average data of SMS 18.9+4.38 169 + 2 168 + 3 556
TMS1 56.4+7.8 168+ 3 167 2 696

TMS2 478+4.3 169+3 166+ 1 718

Average data of TMS 533+7.6 168+ 3 167 +2 707

The superhydrophilic sample froze faster (41 seconds) than the unprocessed

sample (188 seconds). All superhydrophobic surfaces delayed freezing for at least 357

seconds after the unprocessed froze. It should be noted that the sample with a higher CA

for each structure subset delayed freezing longer than their respective counterpart.
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Surface chemistry plays an important role in the delay of condensate freezing on FLSP

structures of similar height. For equivalent sized droplets on superhydrophobic surfaces,
the contact area for heat conduction is inversely proportional to the contact angle of the
surface. The impact of CA has been previously shown to delay freezing of condensation

on other substrates [34].

TMS1 and TMS2 both delayed the onset of freezing longer than both SMS1 and
SMS2. Thus, the structure morphology is important in delaying the freezing
condensation. Both structure morphology and surface chemistry were important

properties in delaying the onset of condensate freezing.

Still frame images (captured during LSCM optical view) of the progression of
condensation and subsequent freezing on all samples subsets are shown in Figure 3.4.
Note that as the condensates freeze [(c), (), (i), and (I)] the transparency and shape of the
condensates are altered. The frozen condensates on SMS are more opaque than those on
the TMS indicating that prior to freezing, condensates on SMS exist at a higher
supercooling than on TMS [13, 18]. The transparency change is a result of rapid kinetic

freezing of the condensates [19].
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Figure 3.4: Condensation and subsequent freezing progression images of
superhydrophilic FLSP functionalized surface shown in [(a), (b), and (c)]. Progression
images of unprocessed Al 7075-O Clad surface shown in [(d), (e), and (f)]. Progression
images of SMS shown in [(g), (h), and (i)]. Progression images of TMS shown in [(j), (K),
and ()]. The videos of entire surface freezing for each sample are shown in video 1,
video 2, video 3, and video 4. The description and explanation for video 1 - 4 is in the
supplementary material.

As shown in Figure 3.4, water vapor condenses into droplets on the unprocessed
surface (d), SMS (g) and TMS (j), and the condensate drops grow [(e), (h), and (k)],
coalesce and eventually freeze [(f), (i), and (I)]. On the superhydrophilic sample,
condensate droplets are not easily observed, however, the growth and eventual freezing

of a film of ice on the surface was observed (c).

3.3 Self-propelled jumping condensates on FLSP
surfaces

Self-propelled jumping condensates on FLSP functionalized Al 7075-O Clad
surfaces was observed at 8000 fps and recorded using a Photron FASTCAM SA 1.1
HighSpeed camera, with a Nikon NIKKOR 105mm 1:2.8G ED micro lens and 100 mm
extensions tubes for increased magnification. The camera was at an incident angle of
approximately 45° to the samples. A Fiber-Lite high-intensity illuminator series 180 was
used to illuminate the sample.
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The samples’ temperatures were dropped from room temperature at 18.5 °C and

were maintained at -7 °C by the PID controller. The temperature of the samples was
controlled with the Peltier cooler system with no nitrogen flow. The relative humidity of

the room was 25%.

Condensates on TMS and SMS exhibit self-propelled jumping away from the
FLSP surface. Although self-propelled condensate jumping has been shown on other
superhydrophobic surfaces[33], it is the first time self-propelled jumping has been
reported in the literature on FLSP surfaces. A still image sequence of self-propelled
condensate jumping on TMS1 is shown in Figure 3.5

M (b L
-0.875 ms | o ' Initial jumping

Initial droplet
ing position

position

e e¥ s Droplet | 8
B | Droplet PR ¥ ’ B | position K

Initial droplet Initial droplet
ping position § jumping position

{ R RS
Droplet o &
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al droplet

’ : 3 LN ." “ | , : 3 TN ." " 3 .. m
Figure 3.5: Still frame images of two condensate drops combining [(a), (b), and(c)],
jumping off the surface [(d), (e), and (f)] and falling due to gravity [(g), (h), and (i)]. The

video of this progression is shown in video 5.
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Self-propelled condensate jumping is important for delaying the time required for

freezing of condensation, as it acts to remove droplets which can initiate freezing on the
surface. Self-propelled condensate jJumping is strongly influenced by the wettability.
Wisdom et al. [33] demonstrated a unique self-cleaning mechanism whereby the
contaminated superhydrophobic surface is exposed to condensing water vapor, and the
contaminants are autonomously removed by the self-propelled jumping motion of the
resulting liquid condensate, which partially covers or fully encloses the contaminating
particles. The higher the contact angle, the lower the energy required to detach a spherical

particle from a flat interface [35].

3.4 Conclusion

In this work, different FLSP functionalized Al 7075-O Clad samples were
processed with different surface structures. The freezing time of unprocessed Al 7075-O
Clad was 188 second. The freezing time of superhydrophilic FLSP functionalized Al
7075-0 Clad surface was 41 seconds. The freezing time of SMS1 and SMS2 was 556 +
11 seconds. The freezing time of TMS1 and TMS2 was 707 + 11 seconds. Self-propelled

condensate jumping on FLSP structures is shown for the first time.
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Chapter 4

FLSP as a means to prevent icing during
supercooled liquid droplet impact

In the search for a truly icephobic surface, many studies have focused on the
dynamics of droplet impact for various droplet diameters, droplet temperatures, and
impact velocities on surfaces with varied surface structures and wetting properties [3, 27,
36-46]. The droplet diameters of previous icing studies are largely within the range
specified in the Federal Airline Regulations Part 25 Appendix C (FAR25-C) [47], which
defines the region of interest for the diameter of supercooled large drops as 50 pm to
2000 pm. Supercooled droplets with a diameter below 400 pum are in large part
unstudied. To the best of our knowledge, the smallest diameter of supercooled droplet
impact on a solid surface previously studied is 350 um [43]. Quero et al. [48] present
icing results using supercooled droplets as small as the droplets being reported in this
study, however, that work was limited to droplet impact with thin films of water. The
current study focuses on the lower end of the droplet diameter range specified in FAR25-
C, extending the current limits of droplet diameter used in supercooled droplet impact
onto solid substrates. This study utilizes femtosecond laser surface processing (FLSP) as
a means to prevent the adhesion and eventual freezing of microscale supercooled droplets

upon impact.

4.1 FLSP surfaces used for the study of ice formation
during impact of supercooled liquid water
droplets

Two Al 7075-O Clad samples were cut to 40 mm by 40 mm. Both samples were
cleaned of any residual machining oils through 20 minute ultrasonic baths in acetone,
methanol, and deionized water. The surface morphology of one Al 7075-O Clad sample

was left unaltered. This sample will be referred to as the “unprocessed surface”. The
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surface morphology of the other sample was altered through FLSP. This sample will be

referred to as the “FLSP surface”. FLSP was performed using a Coherent Astrella
Ultrafast Ti:Sapphire Amplifier, which was capable of producing 6 mJ, 35 fs pulses,
centered at 800 nm with a repetition rate of 1 kHz. The Gaussian beam was focused to a
spot radius of 282.00 pum yielding a peak laser fluence of 2.80 J/cm?2. When rastered
using a pitch of 50 um and translational speed of 80 mm/s, the combination of spot size,
pitch and translational speed resulted in each area of the laser processed region being
irradiated with 506 pulses of varying intensities (due to the Guassian spatial profile of the
focused pulses). A laser scanning confocal microscope (LSCM) (Keyence VK-X200K)
was used to determine the average structure height (R;) of the unprocessed and FLSP

surfaces.

The intrinsically superhydrophilic FLSP surface was made superhydrophobic
through vapor deposition of siloxanes from VMQ O-rings (McMaster-Carr 9396k105).
The FLSP surface was placed processed surface face-up on a Thermolyne Cimarec 2
heater. VMQ O-rings were placed surrounding the FLSP surface and covered with a glass
funnel. The heater plate was kept at 263.4 °C, as measured by a thermocouple placed
directly on the surface of the heater, for two hours. The temperature of the air inside the
funnel was kept relatively constant at 182.1 °C, as measured by a thermocouple inside the
funnel that was suspended approximately 2 cm from the heater surface. For the first 20
minutes of deposition, the opening of the funnel was left uncovered. After the first twenty
minutes, the funnel opening was tightly covered with aluminum foil. After two hours, the

heater plate was turned off and allowed to cool prior to removing the glass funnel.

The contact angle of the FLSP surface was measured using a Rame-hart
Goniometer/Tensiometer Model 790 with DROPimage Advanced software. The water
droplet size used for the contact angle measurements was 5 uL.. Wu et al. [49] have
shown that tilting angle is more strongly correlated to droplet adhesion force than contact
angle hysteresis. Thus, in the current study, tilting angle is used for characterizing droplet
adhesion on the surfaces. Furthermore, a surface with a low contact angle hysteresis will

also exhibit a low tilting angle.
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After cleaning the samples, as described in the sample fabrication section, the

contact angle of the unprocessed surface was 79.2 £ 4.6°. The droplet would not release
even at an angle of 180°. After VMQ vapor deposition, the contact angle of the FLSP
surface was 168.4 + 1.1° with a tilting angle less than 1°. Average R; values for the
unprocessed surface and FLSP surface, as measured using the LSCM, was determined to
be 1.2 £ 0.6 um and 21.2 £ 5.2 um respectively. LSCM and SEM images of the

unprocessed surface (a, b) and FLSP surface (c, d) are shown in Figure 4.1.

. -
LSCM 3D View .| SEM Image

0.0 0. Opm 100.0 200.0 289.6 Py 5 0

Figure 4.1: (a) LSCM 3D view of unprocessed Al 7075-O Clad, (b) SEM image of
unprocessed Al 7075-O Clad, (c) LSCM 3D view of FLSP surface, (d) SEM image of
FLSP surface.

4.2 Supercooled droplet impact study

Supercooled droplet impact studies were conducted in 800 cubic foot Russells
walk-in thermal chamber at the Nebraska Center for Electronic Excellence (NCEE).

The water used has a nominal resistivity of 18.2 MQ-cm (Barnstead Nanopure
Life Science UV/UF D11931). Water Droplets were mono-dispersed from a Berglund-
Liu aerosol generator (TSI Model 3941). A nominal droplet diameter of 100 um was
obtained by setting the aerosol generator frequency to 18.25 kHz and pump speed to
1.8E-3 cm/s with an orifice diameter of 50 pum. At these settings, the aerosol generator



20
dispersed droplets at an initial velocity of 4.867 m/s. The droplet generator and orifice

were contained in an insulated box, and positioned approximately 65 cm above the
sample surface. The temperature controlled box was held at 0 °C through a 170 watt
heater (McMaster-Carr 1733K11) and a digital thermostat (Kegco TC-321). The droplets
cooled as they fell the 65 cm to the sample surface, with a room temperature of -16 °C.
The unprocessed surface and FLSP surface were mounted at 45° incident to the incoming

direction of the free falling water droplets.

Individual droplet impact was recorded with a high-speed imaging system
(Photron FASTCAM SA 1.1 with a Nikon AF-S VR Micro-NIKKOR 105mm 1:2.8G ED
lens and 100mm extension tubes) at 15000 fps (66.7 us between each frame). A
microscope calibration slide was used as a length calibration source, so that the droplet
size and velocity in the high-speed videos could be converted from pixels to microns. For
all high-speed videos, a scale of 1 pixel to 10 microns was used. The samples were
illuminated using fiber lights (Fiber-Lite high-intensity illuminator Series 180). The
experimental setup for imaging the microscale supercooled liquid water droplets
impacting FLSP and unprocessed Al 7075-O Clad surfaces is shown in Figure 4.2.
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Figure 4.2: Experimental setup for imaging supercooled droplet impact on the
unprocessed and FLSP surface.
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Only droplets that were in focus for the entirety of their time within the field of
view prior to impact, were used as the droplets of interest for this study. Still frame
images of a typical droplet falling and impacting the surface is shown in Figure 4.3. As
the droplet fully enters the field of view (Figure 4.3a), pixel locations of the droplet
boundaries (top, bottom, left, right) were measured in two frame increments until the
frame in which impact occurs (Figure 4.3g). These boundaries were used to determine the
average diameter, both perpendicular to flow (D,) and parallel to flow (D,), for each
droplet. The droplet position upon fully entering the field of view and at impact was used

for determining the droplet velocity at impact (Vipmpact). Dxy Dy and Vippace Were

important parameters for estimating the temperature at impact for each droplet.
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Figure 4.3: Droplet entering field of view (a), falling to surface (b-f), impacting surface
(9), and bouncing away from the surface (h-j). The droplet position is shown in 10 frame
increments. Time: -4 ms (a), -3.33 ms (b), -2.67 ms (c), -2 ms (d), -1.33 ms (e), -0.67 ms
(), impact (g), 0.67 ms (h), 1.33 ms (i), 2 ms (j).

4.3 Theoretical Terminal Velocity of Droplet

Droplets impacting the surface were assumed to have reached terminal velocity.
At terminal velocity the gravitational force on the droplet (F;), the buoyant force on the

droplet (F},), and the drag force (F;) on the droplet sum to zero:

F,—F, =Fy 1)

T[De3q(pw — Pa)g _ PthZCDT[DeZq )
6 8

Thus, the terminal velocity (V;) of a spherical falling droplet is a function of: the
density of the water (p,,), the density of the air (p,), the volume equivalent diameter of

the spheroid droplets (D,,), the gravitational constant (g), and the drag coefficient (Cp):

V. = 4’(pw _pa)Dqu (3)
‘ 3paCD

For the case of a spherical droplet falling through still air, the Reynolds number
(Re) is a function of the velocity of the droplet (V), the diameter of the droplet (D.,), and

the kinematic viscosity of the air (v,):
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The relationship between the drag coefficient for uniform flow around a sphere

has been derived by Morrison [50]. This relationship is valid for the range of Reynolds

numbers included in this study. Thus for the case of a falling spherical droplet, the drag

coefficient (Cp) is a function of the Reynolds number (Re):

2 26(ns) 0411 (L)J94 0.25 (1%)
=+

C, = 5.0 2.63x105_ + 10° (5)
4= 7o 1+(%)1.52 1+(%) 8.00 1+(1R;0i)

The Reynolds number at impact can be calculated by substituting the
experimentally measured droplet velocity and spheroidal equivalent diameter into
Equation 4. The drag coefficient at impact can then be calculated by substituting the
Reynolds number at impact into Equation 5. The theoretical terminal velocity can be
calculated through iteration of Equations 5, 3, and 4. Iteration should be continued until

the value of Equation 3 converges. Iteration steps are shown in Figure 4.4.
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Figure 4.4: Iterative process for determining terminal velocity.

For a droplet not at terminal velocity, the drag force must be considered as a force
which impacts the acceleration of the droplet. The drag force of a spherical particle in a
flow is function of the drag coefficient (C,), density of the air (p,), velocity of the droplet

(V), and the projected area of the droplet (4,):

1
Fq = ECdpavap (6)

The instantaneous acceleration of a droplet can be calculated by dividing the sum
of the forces at that time by the mass of the droplet. An estimation of the change in
velocity for a unit time can be calculated by multiplying the instantaneous acceleration by

the unit of time.
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4.4 Droplet Cooling

As the droplet falls, the temperature of the droplet will approach the temperature
of the surrounding environment. In the case of free falling liquid drops, the Ranz-
Marshall correlation can be used to determine the mean Nusselt number, a dimensionless
heat transfer coefficient [51]. The Ranz-Marhall correlation states that the mean Nusselt
number (Nup,) of the droplet is a function of the Reynolds number (Re) and the Prandtl

number of the air (Pr):
Nup = 2 4 0.6Re/2pr1/3 (7

The mean convective heat transfer coefficient (h) is a function of the mean

Nusselt number (Nup), the thermal conductivity of the air (k,), and the diameter of the
droplet (D):

Nupk,
D

h= (8)

The Biot number is a ratio used to determine whether convection or conduction is
the rate controlling process of heat transfer. For a spherical particle, the Biot number is a
function of the mean heat transfer coefficient (h), the droplet diameter (D), and the
thermal conductivity of the water (4,,):
hD

- ©)

Bi
For Bi < 0.1, the temperature gradient inside the droplet is negligible. Thus, the
lumped capacitance model can be applied. The lumped capacitance model assumes a
spatially uniform temperature distribution that is only dependent on time. For the case of
a droplet in free fall, the temperature of the droplet (T) is a function of the temperature of
the air (T,,), the initial temperature of the droplet (T,), time (t), and the thermal time

constant (7):
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=eT (10)

For the case of a free falling droplet, the thermal time constant () is a function of
the diameter of the droplet (D), the density of the water (p,, ), the heat capacity of the
water (C, ), and the mean convective heat transfer coefficient (h):

I = Dpwfp,w

o7 (11)

It is important to note that with regards to the equations shown, the density [52],
kinematic viscosity [53], heat capacity [54], and thermal conductivity [55] of supercooled
water vary significantly from their respective values at STP. The density, kinematic
viscosity, thermal conductivity and Prandtl number of air at subzero temperatures also
vary from their respective values at STP [56]. These properties are shown for the

experimental conditions in Table 4.1.



Table 4.1: Properties of water and air for experimental conditions.
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Water Air
Temperature Density P\(/i_nema_tic Heat_ Therm_al_ Density Ki_nemz_itic Therm_al_ Prandtl
iscosity Capacity  Conductivity viscosity Conductivity ~ Number
T Pw Vw Cow Aw Pa Va Ka Pr
[52] [53] [54] [55] [56] [56] [56] [56]
K °C kg/m3 m?/s Jkg.K W/m.K kg/m3 m?/s wW/m.K -

273.15 0 999.832 1.79E-06 4216.46 0.556 1.292 1.33E-05 2.420E-02 0.71204
272.15 -1 999.758 1.86E-06 4222.73 0.553 1.297 1.32E-05 2.412E-02 0.71221
271.15 -2 999.664 1.93E-06 4225.52 0.550 1.302 1.31E-05 2.404E-02 0.71238
270.15 -3 999.550 2.01E-06 4232.37 0.548 1.307 1.30E-05 2.397E-02 0.71255
269.15 -4 999.414 2.01E-06 4237.45 0.545 1.311 1.29E-05 2.389E-02 0.71271
268.15 -5 999.256 2.16E-06 424350 0.542 1.316 1.28E-05 2.381E-02 0.71288
267.15 -6 999.075 2.25E-06 4250.16 0.539 1.321 1.28E-05 2.374E-02 0.71305
266.15 -7 998.869 2.35E-06 4257.68 0.536 1.326 1.27E-05 2.366E-02 0.71322
265.15 -8 998.638 2.45E-06 4263.79 0.533 1.331 1.26E-05 2.358E-02 0.71338
264.15 -9 998.381 2.55E-06 4275.24 0.530 1.336 1.25E-05 2.351E-02 0.71354
263.15 -10 998.096 2.67E-06 4283.93 0.527 1.341 1.24E-05 2.343E-02 0.71371
26215  -11 997.783 2.79E-06 4293.75 0.523 1.347 1.23E-05 2.335E-02 0.71387
261.15 -12 997.441 2.91E-06 4307.23 0.520 1.352 1.23E-05 2.327E-02 0.71403
260.15  -13 997.069 3.04E-06 4318.44 0.516 1.357 1.22E-05 2.320E-02 0.71419
259.15 -14 996.665 3.18E-06 4332.01 0.512 1.362 1.21E-05 2.312E-02 0.71435
258.15  -15 996.228 3.35E-06 4347.46 0.509 1.367 1.20E-05 2.304E-02 0.71451
257.15 -16 995.758 3.51E-06 4364.51 0.505 1.373 1.19E-05 2.297E-02 0.71466
256.15 -17 995.252 3.69E-06 4382.25 0.501 1.378 1.18E-05 2.289E-02 0.71482

From the equations shown, the velocity of a droplet can be calculated as a

function of time. By comparing the temporal theoretical velocity and the time at which

the impact velocity is reached, the droplet temperature can be calculated. The lumped

capacitance model is used for calculating the temperature of the droplet at each time.

4.5 Results

The impact dynamics of four droplets, two droplets impacting the unprocessed

surface and two droplets impacting the FLSP surface, were studied. The experimentally

measured values of Dy, D,,, and Viupace, as Well as the calculated measurements for the

volume equivalent diameter (VED), terminal velocity, and droplet temperature at impact

are included in Table 4.2.
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The impact velocity of droplet 3 is slightly lower than the calculated terminal

velocity. This difference is likely caused by velocity oscillations about the terminal
velocity [57]. Due to these oscillations, it is unknown how long droplet 3 was at terminal
velocity, thus the corresponding time for heat transfer is not known. For the parameters of
droplet 3, terminal velocity is reached at a fall time of approximately 0.1 s, thus the
temperature can be expected to have cooled to at least -7 °C. The impact velocity of
droplet 1, droplet 2, and droplet 4 are greater than the terminal velocity for those droplets.
These differences are due to the fact that the droplets were expelled were expelled from
the aerosol with an initial velocity. Given a larger distance to fall, these droplets would

reach terminal velocity.

Table 4.2: Experimental and calculated measurements for the four droplets studied.

Experimental Measurements Calculated Measurements
Impact Terminal ~ Temperature
Dx Dy Velocity VED Velocity at impact
[um] [um] [m/s] [um] [m/s] °C
Unprocessed Droplet 1 19154 24154 1.24 206.93 0.77 -4.56
Surface
CA:79.2+4.6° Droplet2 186.15 248.46 1.33 204.96 0.76 -4.22
FLSP Surface Droplet 3 160.97  151.94 0.54 157.90 0.56 <-7
CA:168.4£1.1° proplet 4 19857  177.86 122 191.41 0.70 -4.61

The calculated velocity of the four droplets as a function of time is shown in
Figure 4.5. The temperature of each droplet at impact can be correlated to the time at
which the impact velocity is reached. Droplet temperature as a function of time after

being ejected is shown in Figure 4.6.
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Figure 4.5: Calculated velocity as a function of time for the droplets. Droplet is expelled
from aerosol generator at 0 seconds.
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Figure 4.6. Droplet temperature as a function of time. Droplet is expelled from aerosol
generator at 0 seconds.
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4.6 Supercooled droplet impact onto unprocessed
surface

Still frame images of droplet 1 and droplet 2 impacting the unprocessed sample
are shown in Figure 4.8 and Figure 4.9 respectively. After impact, neither droplet can
overcome the adhesive force with the surface and, thus, both freeze to the unprocessed
surface. One can hypothesize that in the time required for the droplet motion to stop: ice
nucleation was initiated (likely at the instant impact occurs [12, 37]), then propagated
through the entire volume of droplet. Because the velocity of the dendritic freezing front
is dependent on the level of supercooling of the droplet [13, 58], the time required for
droplet motion to cease after impact can serve as a verification of the droplet temperature
at impact. It is not expected that the second phase of supercooled freezing will be
observed during our study. The necessary distances for dendritic front velocity is shown

in Figure 4.7.

(c)

Figure 4.7: (a) Definition defining apex and length of sessile droplet. (b) Dendritic
propagation direction from nucleation site at the TCL. (c) Dendritic propagation direction
from point of impact at SL.

Nucleation during supercooled freezing is expected to initiate at the site of lowest
energy. Previous literature has shown nucleation occurs at the solid-liquid (SL) interface
or along the triple phase contact line (TCL). The exact location of the nucleation site,
however, is not a well understood phenomenon, and cannot be examined using the
current experimental setup. An approximate location of the nucleation site in this study
can be estimated using the time for droplet motion to stop after impact and the
dimensions of the droplet at that time. Through frame by frame analysis of droplet 1 it
was determined that a cessation of motion took 6.6 ms (99 frames) while droplet 2

stopped in 7.87 ms (118 frames). The apex and length of droplet 1 are 90 um and 230
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pum, respectively, while the apex and length of droplet 2 are 120 um and 200 pm,

respectively. For nucleation originating at the SL interface, the freezing front would need
to propagate to the apex of the droplet. If originating from the TCL, the freezing front
would need to propagate the diameter of the TCL for the droplet. In the case of droplet 1,
for freezing to occur in 6.6 ms with a nucleation site originating at the SL interface, the
front velocity would be 0.0136 m/s, indicating a droplet temperature of approximately -7
°C. If nucleation originated from the TCL the front velocity would be 0.0348 m/s,
indicating a droplet temperature of approximately -10 °C. Given that the temperature of
droplet 1 was calculated to be -4.56 °C, it is more likely that the nucleation initiated near
the impact location along the SL rather than the TCL. In the case of droplet 2, for
freezing to occur in 7.87 ms with a nucleation site originating at the SL, the front velocity
would be 0.01524 m/s, indicating a droplet temperature of approximately -7.5 °C. If
nucleation originated from the TCL, the front velocity would be 0.0254 m/s, indicating a
droplet temperature of approximately -10 °C. Given that the temperature of droplet 2 was
calculated to be -4.22 °C, it is more likely that the nucleation initiated near the impact
location along the SL rather than the TCL. The relationship between dendrite front

velocity and droplet temperature is shown by data shown by Schremb et al. [13].
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Figure 4.8: Still frame images during the impact of Droplet 1. Time: 0 ms (a), 0.067 ms
(b), 0.133 ms (c), 0.2 ms (d), 0.267 ms (e), 0.33 ms (f), 1 ms (g), 1.67 ms (h), 2.33 ms (i).
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Figure 4.9: Still frame images during the impact of Droplet 2. Time: 0 ms (a), 0.067 ms
(b), 0.133 ms (c), 0.2 ms (d), 0.267 ms (e), 0.33 ms (f), 1 ms (g), 1.67 ms (h), 2.33 ms (i).

4.7 Supercooled Droplet Impact onto FLSP Surface

Still frame images of droplet 3 and droplet 4 impacting the superhydrophobic
FLSP sample are shown in Figure 4.10 and Figure 4.11 respectively. Both droplets
bounced off the surface shortly after initial impact. Droplet 3 was in contact with the
surface for 0.267 ms while droplet 4 was in contact with the surface for 0.333 ms. For
droplets 3 and 4, ice nucleation is not likely to be initiated by the lowering of the droplet
temperature during contact. Any conductive heat transfer between the superhydrophobic
surface and the droplet is limited by the short time frame of impact and the limited spatial
interaction because of the high contact angle with the surface. For nucleation to occur, the
nucleation must by initiated by the impact dynamics of the droplet on the surface. For

both droplet 3 and droplet 4, it is unknown if nucleation was triggered at impact.
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However, if the impact dynamics were to trigger nucleation, it is hypothesized that the

rapid evaporative processes of supercooled freezing could aid in the removal of the

droplets from the surface as shown by Schutzius et al [59].

Figure 4.10: Still frame images during the impact of droplet 3.Time: -5 ms (a), 0 ms (b),
1 ms (c), 2 ms (d), 0.267 ms (e), 0.333 ms (f), 0.400 ms (g), 0.467ms (h), 0.533ms (i).
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Figure 4.11: Still frame images during the impact of Droplet 4. Time: 0 ms (a), 0.067 ms
(b), 0.133 ms (c), 0.200 ms (d), 0.267 ms (e), 0.333 ms (f), 0.400 ms (g), 0.467ms (h),
0.533ms (i).

4.8 Conclusion

In this work, imaging of supercooled water droplet interaction dynamics on a
solid aluminum 7075-O Clad cold substrate for a droplet diameter below 160 pum is
shown for the first time. Results indicate that microscale supercooled water droplets at
low velocities will stick and freeze to unprocessed aluminum 7075-0 Clad surfaces,
while FLSP surfaces will repel droplets under similar conditions. A method for
estimating the cooling of small falling water droplets in an environment of about -16 °C
is described. This method gives insights for determining the temperature of supercooled

droplets for the range of droplet diameters used in the experimental studies included in
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this work. In addition, a way to estimate the nucleation site of a supercooled droplet by

extrapolation of dendrite front velocity is provided.
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Appendix

A.1 FLSP structures on Al 7075-0O Clad
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Figure A.1: Average roughness values of FLSP Al 7075-O Clad for 12 combinations of
laser fluence and pulse count.
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Figure A.2: Average structure peak to valley height of FLSP Al 7075-O Clad for 12
combinations of laser fluence and pulse count.
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Figure A.3: Surface area to area ratio of FLSP Al 7075-O Clad 12 combinations of laser
fluence and pulse count.
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