International Journal of Heat and Mass Transfer 164 (2021) 120559

International Journal of Heat and Mass Transfer

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/hmt

Thermal atomization during droplet impingement on )
superhydrophobic surfaces: Influence of Weber number and micropost %

array configuration

Preston Emerson®, Julie Crockett, Daniel Maynes

Brigham Young University, Department of Mechanical Engineering Engineering Building, Campus Dr, Provo, UT 84602, United States

ARTICLE INFO

Article history:

Received 29 June 2020

Revised 16 September 2020
Accepted 29 September 2020
Available online 28 October 2020

Keywords:
Atomization
Droplets
Superhydrophobic
Thermal
Impingement
Boiling

ABSTRACT

An experimental study of thermal atomization intensity during droplet impingement on superheated hy-
drophobic and superhydrophobic surfaces of varying microstructure was performed. Thermal atomiza-
tion in these scenarios is the result of droplet boiling, where vapor bubbles burst upwards through the
droplet lamella, causing a fine spray of secondary droplets. A smooth hydrophobic surface and three
post-patterned superhydrophobic surfaces of similar solid fraction but differing post size were inves-
tigated over a range of surface temperatures from 120 °C to 320 °C and Weber numbers from 20 to
200. Trends in atomization intensity were characterized using a high-speed image processing technique.
Changes in surface temperature, Weber number, and microstructure configuration were shown to signif-
icantly influence atomization intensity, and these parameters are thought to be directly linked to three
main mechanisms accounting for atomization dynamics in impingement scenarios. These mechanisms
are vapor generation at the liquid-solid interface of the impinging droplet, vapor bursting through the
spreading lamella, and vapor escape laterally beneath the droplet. Vapor generation increases with an
increase in heat transfer to the droplet, which may be produced by increasing surface temperature or
increasing liquid-solid contact through droplet wetting. Vapor bursting upwards through the lamella de-
pends mainly on lamella thickness which decreases with increasing Weber number. Finally, vapor escape
beneath the droplet may occur as vapor flows laterally through the micropost arrays. This is found to be
enhanced by increasing the spacing between structures. These competing mechanisms result in thermal
atomization, which generally increases with increasing Weber number and decreasing pitch. Additionally,
the Leidenfrost point was also found to increase with increasing Weber number and decreasing pitch. A
scale analysis was performed to explore the effect of resistance to vapor escape through micropost arrays
on thermal atomization, and the resulting scaling describes the experimental findings well.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Below, we introduce the pertinent effects of surface structure on
heat transfer to liquids.

When a water droplet impacts a solid surface it may stick,
bounce, or splash depending on the surface energy and roughness
as well as droplet properties and impact velocity [1,2]. Specifically,
surface roughness can alter the spreading and receding droplet
shape, rate, and bouncing dynamics [1,3-5]. A heated surface re-
sults in slightly different dynamics. At surface temperatures be-
low the saturation temperature liquid properties may vary, chang-
ing the dynamics accordingly. At surface temperatures above the
saturation temperature, boiling can occur, significantly altering the
classical droplet spreading and splashing or bouncing processes.
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For sessile droplets undergoing subcritical heating on a struc-
tured surface, the local wetting state is important. Heat transfer
increases as liquid-solid contact increases, corresponding to in-
creased wetting (or Wenzel state) [6-9], which is a function of
the structure type and liquid properties [10]. By altering the mi-
crostructure shape and design, the wetting state can be changed,
thus altering the total heat transfer [11-13]. When droplets im-
pinge on a micro or nanostructured superhydrophobic (SH) surface
where the Cassie-Baxter, or non-wetting, state generally prevails,
the increased pressure at the point of impingement may cause
local wetting resulting in higher heat transfer, where a decrease
in microstructure area fraction increases this likelihood [14-16].
Fig. 1 shows the three SH microstructure configurations used in
this study along with important microstructure parameters: struc-
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Fig. 1. SEM images of micropost arrays for (a) 8 pm (b) 12 pm and (c) 16 pm pitch surfaces. The scale bar on (a) applies to all three images.

ture shape (circular posts), height (h), pitch, or center-to-center
spacing (w), and diameter (d). Solid fraction, or the ratio of liquid-
solid contact area to total projected surface area (f;) is often used
to define SH structures as well.

During supercritical heating, it has been shown that for SH
surfaces, surface microstructure configuration significantly affects
the classic boiling regimes (convective, nucleate, transition, and
film) for pool boiling [15,17,18], sessile drops [6,7,15], and imping-
ing drops on smooth [19-23] and rough surface [24-26] scenarios.
Here we focus on droplets and two particular regimes of interest:
nucleate boiling and the onset of film boiling, or the Leidenfrost
point (LFP). In the nucleate boiling regime, rising vapor bubbles
may burst through the lamella of the impinging droplet causing a
fine spray of water droplets called thermal atomization, which can
be quantified, and provides insight into the strength of nucleate
boiling [19,22,26,27], where heat transfer is greatest. The LFP rep-
resents a heat transfer minimum and can be defined as the total
suppression of thermal atomization in droplet impingement situ-
ations. Heat transfer during droplet impingement plays an impor-
tant role in many applications including spray cooling of metals
and fuel injection in combustion engines [28,29].

For droplet impingement on a smooth wall heated above the
saturation temperature, high pressure in the surrounding air re-
sults in a lower temperature onset of LFP [28,29] while at low
pressure explosive drop bouncing occurs due to a large vapor bub-
ble encapsulated beneath the drop (instead of complete film as
in LFP scenarios) which erupts when the drop impinges [30]. Al-
though the wall temperature has an effect on boiling, droplet de-
tachment is defined primarily by the Weber number, defined as
We = ,0V02D0/a where p and o are the droplet density and sur-
face tension, respectively, Dy is initial droplet diameter, and V; is
droplet impact velocity [31].

During sessile droplet heating on a SH surface, nucleate boil-
ing is suppressed, and even completely mitigated for surfaces with
extremely low solid fraction, and LFP occurs at a significantly
lower temperature [6,32-35]. Similar dynamics occur for impinging
droplet scenarios on SH surfaces. In a 2018 study by Clavijo et al.
[26], thermal atomization during droplet impingement was quanti-
fied for a smooth hydrophobic (SmH) and three post-patterned SH
surfaces of similar solid fraction and varying pitch. The impact We-
ber number was held constant for all experiments. It was shown
that for the SH surfaces, atomization intensity in an impingement
scenario decreases with increasing microstructure pitch. This be-
havior was attributed to the increased ability for vapor escape be-
neath the droplet between the micropost structures. An analytical
model by Ishino et al. [36] for viscous fluid flow through a micro-
post array was used to justify this finding, demonstrating the in-
verse relationship between microstructure pitch and resistive vis-
cous force due to the microstructures. Clavijo also showed that the
LFP decreases with increasing pitch.

As previously noted, the wetting state of a structured surface
can significantly alter heat transfer dynamics since wetting often
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occurs at the stagnation point of an impinging droplet [3,37-39].
Localized wetting leads to temporarily higher liquid-solid contact
area in the stagnation region, enhancing heat transfer and increas-
ing thermal atomization intensity. Subsequently, dewetting can oc-
cur as liquid exits the cavities and if this happens the Cassie-Baxter
state returns. In a 2009 study, Deng et al. [37] asserted that, ini-
tially, wetting in the stagnation region is driven mainly by the wa-
ter hammer pressure, resulting from liquid compression behind the
shock envelope that develops upon impact [40]. Within approxi-
mately 1 ms, the water hammer pressure dissipates, and the local
dynamic pressure governs wetting behavior in the droplet spread-
ing phase. It was also shown that with increasing impact veloc-
ity, the degree of drop penetration into the microstructures in-
creases. When this happens full wetting below the impingement
region prevails, although this region may still dewet, and complete
droplet bouncing is still possible [3]. Pittoni et al. [38] found that
for SH graphite surfaces at room temperature, the rate of dewet-
ting for impinging droplets increases with increasing Weber num-
ber. Clavijo et al. [39] showed that for post-patterned SH surfaces
at subcritical temperatures, dewetting rate increases with surface
temperature. Clavijo also showed that the roughness factor of the
surface, r = 1+ mwdh/w?, is an important parameter in determin-
ing dewetting rates. Clavijo’s model showed that increasing the
roughness factor increases the surface energy gradient between
the Wenzel and Cassie states, which in turn increases the rate of
dewetting.

In this paper, we discuss thermal atomization during droplet
impingement on SH surfaces in the context of three important
mechanisms: vapor generation due to boiling at the liquid-solid in-
terface of the spreading droplet, vapor bursting upwards through
the lamella, and vapor escape laterally beneath the droplet. Fig. 2
illustrates these mechanisms for a droplet impinging a SH sur-
face in the nucleate boiling regime. Regarding the first mechanism,
it was previously stated that enhanced liquid-solid contact area,
specifically due to wetting at the impingement point in superhy-
drophobic scenarios, can act to increase vapor generation through
enhanced heat transfer. This enhanced contact is a function of mi-
crostructure shape and size, as well as We. The second mechanism
is directly related to lamella thickness. As the droplet spreads, the
lamella grows thin [1], and vapor bubbles forming in the lamella
rise and burst, causing thermal atomization. Lamella thickness is a
function of Weber number, where increasing Weber number yields
a thinner lamella, and thus less resistance to bursting vapor bub-
bles and greater thermal atomization intensity [41].

Vapor escape beneath the droplet is depicted in the schematic
on the right of Fig. 2. Vapor generated in the spreading droplet
may flow laterally through the cavities between microstructures
(see Fig. 1). Resistance to vapor flow is increased by narrowing
structure pitch and may be completely blocked by localized wet-
ting. Surface microstructure configurations that allow greater va-
por escape are hypothesized to suppress thermal atomization dur-
ing droplet impingement by decreasing the volume of vapor that
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Fig. 2. Schematic of a droplet impinging a microstructured SH surface in the nucleate boiling regime, such as the ones shown in Fig. 1. White circles represent vapor bubbles

generated at the surface due to boiling.

Table 1
Micropost array dimensions measured with an optical profilometer
for each SH surface.

Surface Pitch (um)  Diameter (um)  Solid Fraction
8 um pitch 8.0 33 0.13
12 pm pitch 11.9 41 0.09
16 pm pitch 15.9 3.4 0.04

is forced through the lamella. However, as microstructure pitch in-
creases, both droplet wetting and vapor escape occur more easily,
resulting in competing effects on the generation of thermal atom-
ization such that the dominant effect is often not readily apparent.

In this paper, thermal atomization during droplet impingement
on a SmH and three post-patterned SH surfaces is explored for a
range of Weber numbers from 20 to 200 and surface temperatures
between 120 °C and 320 °C. While previous work has been mainly
concerned with whether or not atomization exists in a given sce-
nario, here it is shown that using an image processing technique,
the relative intensity of atomization can be determined. We fur-
ther show that by adjusting surface temperature, Weber number,
and microstructure configuration, atomization intensity can be dra-
matically altered while maintaining a constant static contact angle.
The atomization intensity is discussed in the context of three driv-
ing mechanisms: noted above. A scaling analysis is presented that
considers resistance to vapor flow through the micropost arrays
and this analysis yields good agreement with experimental obser-
vations. The paper will proceed as follows: Section 2 describes the
methodology employed, including the experimental setup and im-
age processing technique, Section 3 presents experimental results
and discussion, Section 4 outlines the derivation and results of the
scaling analysis, and conclusions are given in Section 5.

2. Methodology

This section outlines the fabrication process for SH surfaces, the
droplet impact experimental setup, and the image processing tech-
nique used to evaluate thermal atomization intensity.

2.1. Substrate fabrication

Surface superhydrophobicity can be produced by applying
micro- or nano-roughness and a thin hydrophobic coating. This
promotes the presence of the Cassie-Baxter state, yielding a re-
duced liquid-solid contact area. Scanning electron microscope
(SEM) images of the surface microstructures created here are
shown in Fig. 1. Photolithography is used to deposit a micropost
array mask onto a silicon wafer, which is then etched via deep
reactive ion etching to h ~ 4 pm. A layer of chromium (nominal
thickness of 100 nm) is then deposited on the surface, which pro-
motes adhesion of Teflon. The Teflon is applied via a spin coating
process, resulting in a thickness of nominally 200 nm.

Table 1 provides micropost array dimensions (measured using
an optical profilometer with uncertainty of + 1%) for each SH
surface considered. Sessile contact angles of the SH surfaces are
150° + 3°, with advancing/receding angle hysteresis between 6°
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Fig. 3. Schematic of the experimental setup consisting of a high-speed camera, nee-
dle to dispense water droplets, heating block with embedded cartridge heaters and
thermocouple, halogen backlight, and a temperature controller.

and 15°. A SmH surface with a sessile contact angle of 115° + 3°
was also fabricated by coating a smooth silicon wafer with Teflon.

2.2. Experimental apparatus

A schematic of the experimental setup is shown in Fig. 3. Wa-
ter droplets of nearly constant diameter, Dy = 2.3 +.02 mm, are
dispensed from a syringe whose height can be adjusted to vary
the impact Weber number. The silicon substrate sits atop an alu-
minum heating block, heated with cartridge heaters and kept at
constant temperature using a SOLO 9696 temperature controller.
A K-type thermocouple is embedded in the aluminum block. Im-
pingement events are captured at 3000 fps using a Photron APX
RS high-speed camera. A halogen lamp is positioned behind the
droplet, and light is diffused through sand-blasted glass, produc-
ing uniform background lighting. Spatial resolution for all scenar-
ios is nominally 12 pm/pixel. Weber numbers of 20, 40, 85, 150,
and 200 are considered for each surface with uncertainty rang-
ing from + 19 (We=20) to 4 6.1 (We =200). The Ohnesorge
(Oh =We'/2/Re = u/(poD)1/2) and Bond (Bo = pgD?/0) numbers
are constant at 0.0024 and 0.71 respectively, showing the signif-
icant dominant effect of surface tension relative to viscous and
gravitational effects. Impingement events are captured for surface
superheat temperatures from 120 °C to 320 °C £+ 3% in incre-
ments of 20 °C. The temperature range is restricted by the Teflon,
which degrades at temperatures above nominally 340 °C. Between
10 and 20 trials are captured at each temperature and the results
are averaged.

2.3. Image processing

High-speed images were analyzed for thermal atomization in-
tensity using MATLAB, similar to the method used by Clavijo et al.
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Fig. 4. Droplet morphology on the 8 pm pitch SH surface approximately 3 ms after
impact at surface temperatures of (a) 120 °C (b) 220 °C and (c) 280 °C, and for
We = 40, 85, and 150. Atomization can be seen clearly above the spreading droplet
in (b) and (c).

[26]. A summary of the analysis method is included here. Impinge-
ment events are saved in grayscale TIFF format, beginning with the
frame just before the droplet enters the field of view (the back-
ground image) to a sufficient time after impact to allow for all at-
omization behavior to be observed. Fig. 4 shows high-speed im-
ages of different impingement events on the 8 pum pitch surface
at maximum droplet spread for a range of surface temperatures
and Weber numbers. Here, the difference between the primary
(spreading) droplet and the atomized particles can be easily distin-
guished, where atomized particles are seen in a fine spray above
the primary droplet. At high Weber numbers and temperatures,
droplet breakup can occur, characterized by secondary droplets
ejecting laterally from the periphery of the primary, likely due to
the Rayleigh-Plateau-Savart instability which is characterized by
the dominance of surface tension [42-44]. These droplets are gen-
erally much larger than those of thermally induced atomization,
and are readily apparent at the periphery of the main droplet in
Fig. 4b and c at the higher Weber numbers and thus are easily sep-
arated from the thermal atomization which is the focus here. Ther-
mal atomization intensity, A, represents the amount of atomization
present in a given frame. Note that the image processing technique
described below is two-dimensional and sensitive to environmen-
tal variables in the experimentation stage, the most important of
which are background lighting and spatial resolution.

Each frame is cropped to a field of view of about 10.2 x 10.2
mm with the droplet centered horizontally. The background image
is subtracted from each subsequent image to reduce noise. The to-
tal intensity of in-plane atomization in the frame, A, is then found
by summing the values of pixels in the background-subtracted
frame that contain atomization. Because of the three-dimensional
nature of the atomization spray, some atomized particles appear
more in-focus (and thus darker) in the two-dimensional high-
speed images. Pixels associated with these particles hold a higher
value in the background-subtracted frame, so they are weighted
more heavily in the final value of A.

Thermal atomization results will be presented in this study
with a normalized value A* = A/Amax, Where Amax is the maxi-
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mum value of A over the range of surface temperatures considered
for the SmH surface at We = 85. This is the same scenario Clavijo
[26] used to normalize, and it represents a transition Weber num-
ber where droplet breakup begins. When droplet breakup occurs,
the primary droplet is often seen beginning to levitate above the
surface rather than rebounding. As can be seen from Fig. 4, where
We < 85, breakup behavior was rarely observed, and the droplet
retracts and rebounds off the surface. For We > 85, breakup oc-
curs at most surface temperatures explored. It is observed that for
Weber numbers where droplet breakup occurs, the likelihood of
breakup increases with surface temperature. For We = 85, breakup
occurs only at the highest surface temperatures explored.

3. Results and discussion

Atomization intensity for a given scenario is dependent on
the amount of vapor generated, the amount of vapor that breaks
through the lamella, and the ability for vapor to escape beneath
the droplet. In this section, experimental results will be presented
and discussed in the context of these three important mechanisms.

First, we consider the temporal progression of an impinging
droplet in the nucleate boiling regime, as shown in Fig. 5, for the
SmH and 8 pm pitch SH surfaces for Ty =240 °C and We = 85,
where both surfaces exhibit similar atomization intensity. Atomiza-
tion is already being generated at t = 2 ms as the droplet spreads
and vapor bubbles travel upward through the lamella and burst at
the free surface. By t =4 ms, atomized particles are leaving the
field of view. The rate at which atomized particles leave the field
of view is indicative of the velocity with which the particles are
traveling. At t = 6 ms the primary droplet has begun to levitate.

Fig. 6 displays A* throughout the life of the droplet at the tem-
perature for which maximum atomization was observed on each
surface (T; = 220 °C for the SmH, T; = 280 °C for the 8 um pitch,
and T; = 180 °C for the 12 pym and 16 pum pitch surfaces). Time, t,
is measured from droplet impact, with a timestep of At = 0.33 ms.
Plot insets show results for low-atomizing cases (12 pm and 16 pm
pitch surfaces). Note that A* < 0.001 is assumed to be zero. The
results presented in Fig. 6 demonstrate that A* initially increases
with time, as atomization is generated, and reaches a maximum
value, A*maxt  before decreasing, due to atomized particles leaving
the field of view.

The maximum atomization intensity is significantly affected by
both surface microstructure and Weber number, as illustrated in
Fig. 6. For all surfaces considered, atomization intensity increases
with increasing Weber number, especially in the lower range of
Weber numbers explored here. This is attributed to the fact that
increasing Weber number increases spreading, promoting a thinner
lamella, which provides less resistance to vapor bubbles bursting
through.

Interestingly, the SmH surface does not exhibit the highest ther-
mal atomization intensity. In fact, at We =20 and We =40 the
amount of atomization present on the SmH surface is noticeably
smaller than on the 8 nm pitch SH surface. Experiments show that
lamella thickness does not change significantly between surfaces,
so droplet wetting leading to greater vapor generation on the 8 pm
pitch is the likely cause for enhanced atomization intensity on this
surface. As Weber number increases, the difference in atomization
intensity between the SmH and 8 um pitch surfaces decreases con-
siderably, until (at We = 200) maximum atomization is virtually
the same on both surfaces. Although the amount of initial wetting
present on a surface increases at elevated Weber number, Pittoni
[38] showed that the rate of droplet dewetting also increases with
Weber number, which would reduce the impact of the additional
heating which occurs due to wetting.

Both the 12 pm and 16 pm pitch SH surfaces always exhibit
much less atomization than the SmH and 8 pm pitch surfaces. We
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Fig. 5. Time progression of a droplet impinging the (a) SmH surface and (b) 8 pm pitch SH surface at We = 85 and T; = 240 °C.
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Fig. 6. Normalized atomization intensity, A*, plotted as a function of time for each surface at (a) We = 20 (b) We =40 (c) We =85 (d) We = 150 and (e) We = 200. Each
line corresponds to the surface temperature that results in the highest atomization intensity for each surface: 220 °C for SmH, 280 °C for 8 um pitch, and 180 °C for 12 pm
and 16 pm pitch. Plot insets display A* with a smaller scale to show trends for the 12 pm and 16 pm pitch surfaces.
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hypothesize that suppression of atomization on these surfaces is
attributed mainly to their larger pitch, which allows relatively easy
vapor escape beneath the droplet. It should be noted that wet-
ting would also occur on these surfaces, but vapor escape pre-
sumably dominates over wetting effects. The slightly smaller solid
fractions of these surfaces may also play a minor role in the sup-
pression of atomization through decreased heat transfer [45]. How-
ever, a scaling model to explore the influence of vapor escape will
be presented in Section 4 which shows the relative significance of
pitch as opposed to cavity fraction on vapor escape. Clavijo et al.
[26] showed that atomization intensity decreases with increasing
pitch at We = 85. However, the results presented in Fig. 6 show
that atomization on the 16 pm pitch surface is not always lower
than on the 12 pm pitch surface. This is most evident at We = 200.
The difficult balance between droplet wetting and vapor escape
likely causes this behavior, and will be discussed further below.

Regarding the slope of A* in Fig. 6, in regimes where A* is
increasing or decreasing, the gradient of the curve increases as
Weber number increases. This is the case for all surfaces tested,
and implies increasing atomization generation rate (positive gradi-
ent) and particle velocity (negative gradient) with increasing We-
ber number. At We = 20 and We = 40, where the SmH surface ex-
hibits small A*, both the positive and negative gradients of the
curve are small, suggesting a low generation rate and slow mov-
ing particles. The gradients for the 8 pm pitch SH surface, which
exhibits significantly more atomization than the other surfaces at
We = 20 and We = 40, are much steeper, suggesting larger gener-
ation rates and particle velocities. The onset time of atomization
also appears to be a function of Weber number and microstructure
pitch. For all surfaces tested, the atomization initiation time occurs
earlier as Weber number increases. This is consistent with faster
droplet spreading at higher Weber numbers, resulting in greater
liquid-solid contact and a thinner lamella at earlier times. For the
SH surfaces, onset time increases with increasing microstructure
pitch.

Fig. 7 presents A} .., as a function of surface temperature for
each Weber number considered. Data for low atomizing scenarios
are shown in the figure insets. All data show that A*maxt increases
with increasing Weber number as the droplet spreading diame-
ter increases and the lamella thins. Boiling regimes can be roughly
identified in this figure by observing trends in relative atomization
intensity with surface temperature. These regimes are identified
for the SmH surface in Fig. 7c. The onset temperature for atom-
ization corresponds to the beginning of nucleate boiling, between
160 °C and 180 °C for the SmH surface. As temperature increases
in the nucleate boiling regime, atomization intensity increases due
to increasing vapor bubble formation in the droplet lamella. Be-
tween 220 °C and 240 °C, transition boiling begins, where atom-
ization intensity decreases with increasing surface temperature as
vapor bubbles coalesce and a vapor film is forming. This continues
until the LFP is reached at 300 °C, where the droplet impinges on
a stable vapor film and atomization is suppressed.

We now consider atomization intensity on each of the SH sur-
faces. First, comparing the 8 um pitch surface with the SmH, the
onset of nucleate boiling occurs at a lower temperature, while the
onset of transition boiling occurs at a higher temperature. Thus
the boiling curve is effectively broadened due to the presence of
the microposts: droplet wetting increases liquid-solid contact, en-
hancing vapor generation and allowing for atomization at a lower
surface temperature, while the combination of wetting and va-
por escape effectively delays the formation of a stable vapor film
at higher surface temperatures, increasing the LFP. On the 8 pm
pitch surface, the LFP exceeds the experimental temperature range
explored here. Additionally, atomization intensity is significantly
greater on this surface than on the SmH for Weber numbers less
than 200, as was noted in the discussion of Fig. 6.
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For the 12 pm and 16 pm pitch surfaces, each boiling regime
occurs at lower temperatures compared with the other two sur-
faces, especially at low Weber numbers. On these surfaces, vapor
escape through the microposts should be much greater than for
the 8 um pitch SH surface, as will be shown in Section 4. This will
lead to the suppression of atomization. The range of temperatures
for which atomization is present on these surfaces, although small,
increases modestly with increasing Weber number. For these sur-
faces, the LFP occurs at or before 240 °C for most scenarios. Com-
paring all three SH surfaces, the LFP is shown to decrease with
increasing microstructure pitch.

Considering each surface individually, A*maxt generally increases
with Weber number. This is to be expected considering the thinner
lamella associated with high Weber numbers. On both the SmH
and 8 pm pitch SH surfaces, the increase in A*maxt between We =
20 and We = 85 is much larger than the increase between We = 85
and We = 200. This supports the findings of Pittoni [38] discussed
above, that increasing Weber number increases dewetting rates,
thus decreasing wetting effects at high Weber numbers. The LFP
appears to increase somewhat with Weber number for all surfaces
considered here, concomitant with delayed formation of a stable
vapor film.

4. Scaling analysis

A scaling analysis is presented in this section that explores one
of the major mechanisms behind thermal atomization intensity on
SH surfaces: vapor flow through the micropost array. We hypoth-
esize that decreasing resistance to vapor flow through the posts
(thus allowing greater vapor escape beneath the droplet) reduces
the propensity for vapor bubbles to travel up through the lamella
and results in the suppression of atomization. It will be shown that
the resistance to flow between microposts scales with surface tem-
perature, Weber number, and the pitch of the post array. Results of
the scaling are compared to the experimental data to show that re-
sistance to vapor flow between posts is indeed a good predictor of
thermal atomization intensity.

4.1. Derivation of scaling

Droplet boiling and vapor flow between microposts are complex
phenomena, and some simplifying assumptions are made for the
scaling analysis. Boiling is assumed to take place in the nucleate
regime, where increasing vapor generation is associated with in-
creasing heat flux (as opposed to transition and film boiling, where
vapor contributes to insulation of the droplet). The droplet is also
assumed to be in the Cassie-Baxter state for the duration of im-
pingement such that wetting effects are completely neglected. Dur-
ing spreading, vapor is assumed to flow radially in all directions
through the microstructures beneath the droplet, from the center
to the edge. We consider here vapor flow along one radial line in a
direction of flow parallel to the rows of posts. Fig. 8 depicts vapor
flowing between posts in this direction. A unit cell of the microp-
ost array is defined as the area between four posts, illustrated by
the dashed domain shown in Fig. 8a, where w, the width of the
unit cell, is set to be equal to the pitch of the post array. The no
slip condition applies where vapor is in contact with solid post,
and a shear-free condition exists along all other boundaries of the
unit cell. Fig. 8b shows the vapor area flow rate (volumetric flow
rate normalized by post height), Q, through the unit cell. Continu-
ity applied to the cell yields the following:

Quc = Qip + Qgen (1)

where Qy is total vapor flow rate through the unit cell, Q;, is va-
por flow into the unit cell from previous cells, and Qg is vapor
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Fig. 7. Maximum normalized atomization intensity, A*mx¢, as a function of surface temperature for all surfaces considered at (a) We =20 (b) We =40 (c) We =85 (d)
We = 150 and (e) We = 200. Plot insets show trends for low atomizing scenarios. In the We = 85 plot, boiling regimes and the LFP for the SmH surface are labeled.

generated due to boiling of the liquid directly above the unit cell
which then enters the unit cell.

Tamayol and Bahrami [46] modeled Stokes flow through a unit
cell identical to the one shown in Fig. 8a and derived the pressure
drop across a unit cell, APy, as a function of area flow rate:

AP = B () @)
where,
3(d/w)? [tan*’ ( djw )+%]
_ 2(d/w) N
f(d/W) - 6 'l—(d/W)z (17(d/w)12)(5;2) (3)

+12(1 — d/w) [ H1F2E]

In Eq. (2), i is the dynamic viscosity of the vapor. Fig. 9 depicts
a line of unit cells from the center to the edge of the spread-
ing droplet. For the purposes of this analysis, a scaling of the to-
tal pressure drop of the vapor flow beneath the spreading droplet

along this line, APy, will be considered. This pressure loss corre-
sponds directly to the total resistance to vapor flow between mi-
croposts underneath the droplet.

First, we consider the balance in Eq. (1) for the case of vapor
flowing through the line of unit cells in Fig. 9, where N is the
number of unit cells in the radius. For this analysis, the droplet is
assumed to be at the point of maximum spread, and the number
of unit cells considered can be expressed as N = Dpax/2w, where
Dmax is the diameter of maximum spread. Wildeman et al. [47] de-
rived the maximum spreading diameter for a free-slip case as:

4 We
Pmax = DO\/ o (22 +1) (4)

where 6, is the advancing contact angle. 6, is nominally 160 ° for
all surfaces considered in this study. Results from our experiments
show that Dpyax as predicted by Eq. (4) matches within 4.5% over
the range of Weber numbers considered.
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Fig. 8. Schematic of vapor flow through a unit cell of the micropost array depicting (a) a top view (unit cell is outlined by the dashed line and velocity profiles are shown)

and (b) a side view showing vapor flow rate (Q) in and out of the unit cell.

Fig. 9. Left: top-down high-speed image of a droplet impinging a SH surface 2.7 ms after impact at We = 40 and T; = 220 °C. The dashed line indicates a line of unit cells
from the center to the edge of the droplet. Right: schematic of vapor flow through the line of unit cells contained in the radius of the droplet, where N is the number of

unit cells in the radius.

We neglect the two-dimensional nature of the flow and assume
that the flow through all successive radial cells increases strictly
due to the vapor generation from boiling. Vapor generation due to
boiling, Qgen, is assumed equal for each unit cell, and scales as:

qgA
~ (5)
Qgen hfgpvaph

where q:; is heat flux to the spreading droplet, A¢ is the interfacial
contact area of the unit cell (taken to be A; = w?), hfg is the latent
heat of vaporization for water, and pyqp is the density of water va-
por. The vapor is assumed to behave as an ideal gas such that pyg
is calculated as a function of surface temperature. Heat flux to the
droplet is calculated as [22,45]:

" V/ KspsCp s AT,
q(t) = T"t (6)

where ks, ps, and cps are the thermal conductivity, density, and
specific heat (respectively) of the SH surface, AT, = Ts — Ty is the
excess temperature, and t is the time after droplet impact. In
Eq. (6), t is taken to be the time for maximum spread, which
was found experimentally to be tps ~ 2.7 ms irrespective of sur-
face type or Weber number. Because the SH surfaces are com-
posed of solid posts and air cavities, bulk surface properties are
determined using the solid fraction following the approach of Guo
et al. [45]: ks = Ksjjicon fs + kair (1 = f5) and pscps = PsiliconCp.siticon fs +
PairCp.air(1 — f5). Values of the material properties for the surfaces
considered here can be found in Table 2.

Table 2
Properties of materials.

Property Water  Silicon  Air
p(kg/m3) 998 2329 1.29
cp (J/kgK) 4200 700 1006
k(W/mK) 0.6 120 0.026

Because vapor generation is the same in each unit cell, vapor
flow through the nth unit cell can be expressed as:

Que.n = NQgen (7)
Combining Egs. (2) and (7), the pressure drop across the nth unit
cell scales as:

N4 Qgen
APuc.n ~ Tf(d/w) (8)
The total pressure drop, APy, from the center to the edge of the
droplet is then calculated by summing AP, radially outward:

Qg J

AP ~ er"f(d/W)Zn 9)
n=1

or

N24+N

AP~ P gy N

w2

4.2. Results of scaling

Scaling results are presented in this section to show how re-
sistance to vapor flow through the micropost arrays (represented
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as pressure drop) varies with microstructure pitch, Weber num-
ber, and surface temperature. These results are compared to exper-
imentally obtained atomization intensity to demonstrate the corre-
lation between resistance to vapor flow and thermal atomization.
Scaled pressure drop is presented as AP*, the ratio of total pres-
sure drop from the center to the edge of the droplet to the max-
imum value for all scenarios considered. This maximum value oc-
curs on the 8 pm pitch surface at T; = 320 °C and We = 200.

In Fig. 10a, AP* is plotted as a function of surface microstruc-
ture pitch for a constant solid fraction of f; = 0.15. For these sce-
narios, a surface temperature of 180 °C was chosen, as it was ob-
served to be in the nucleate boiling regime for all of the SH sur-
faces considered experimentally. It is shown from this figure that
as pitch increases, AP* decreases dramatically. This decrease is
more significant when moving from 8 pm to 12 pm than when
moving from 12 pm to 16 pm. Correspondingly, experimental data
show that a much higher maximum atomization intensity is ob-
served on the 8 pm pitch surface than on the 12 pm or 16 pum
pitch surfaces (see Fig. 7), supporting the hypothesis that atomiza-
tion intensity decreases with decreasing resistance to vapor flow
and that this is more pronounced at lower pitch. As Weber number
increases, AP* increases due to the increase in maximum spread
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diameter of the droplet, resulting in greater thermal atomization,
which is the case in the nucleate boiling regime for each SH sur-
face explored, as seen in Fig. 7.

Fig. 10 b shows AP* as a function of surface temperature for
varying Weber number and pitch. Results are shown for each SH
surface at We = 40, 85, 150, and 200. Similar to Fig. 10a, we see
that AP* increases with increasing Weber number. AP* also in-
creases with surface temperature due to increasing vapor genera-
tion. This is much more significant on the 8 nm pitch surface, and
supports the experimental data in Fig. 7, where atomization inten-
sity varies more with surface temperature on the 8 pm pitch sur-
face than on the 12 pm and 16 pm pitch surfaces. We also note
that AP* from the scaling is nearly an order of magnitude greater
on the 8 um pitch surface than on the other SH surfaces, which
supports the significantly greater atomization observed on this sur-
face experimentally. Note that while Fig. 10b displays the entire
range of experimental surface temperatures considered, the scaling
breaks down as transition boiling is reached for each surface. This
threshold varies with Weber number, but is nominally 280 °C on
the 8 pm pitch surface, and between 180 °C and 220 °C for the
12 pm and 16 pm pitch surfaces.

Experimentally obtained atomization intensity, A*maxt, is shown
in Fig. 11 as a function of AP*. The dashed line is included for
convenience to show a general trend. Note that scenarios that were
determined to be in the transition or film boiling regimes were ne-
glected in this plot, where these regimes were taken to be all tem-
peratures above the maximum atomizing temperature. For each SH
surface considered, A*maxt is shown to be a strong function of AP*,
indicating that resistance to vapor flow through microstructures is
indeed a good predictor of thermal atomization intensity. Given
the complex nature of the impingement, boiling, and atomization
processes, it is remarkable that atomization intensity shows such
a strong correlation with this single parameter. Above AP* ~ 0.3,
atomization intensity for the 8 pm pitch surface begins to flatten.
This flattening suggests a point where vapor flow is completely re-
stricted, and the maximum atomization for the surface has been
achieved.
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5. Conclusions

Thermal atomization intensity present during droplet impinge-
ment scenarios on superheated SmH and post-patterned SH sur-
faces was experimentally investigated for a range of microstruc-
ture pitches and Weber numbers. Atomization intensity in a given
impingement scenario is closely correlated to the boiling regime
present. Atomization increases in the nucleate boiling regime and
decreases during transition boiling until the LFP is reached, where-
upon film boiling dominates and atomization is suppressed.

The rate of atomization generation, atomized particle velocity,
and atomization initiation time were also investigated. Atomiza-
tion generation rate and particle velocity both increase with We-
ber number for all the surfaces studied here, with the 8 pm pitch
surface always exhibiting the highest values of each. The initiation
time increases with decreasing Weber number and increasing SH
microstructure pitch. The LFP was found to increase with increas-
ing Weber number and decreasing microstructure pitch.

Atomization on the SmH surface increases with Weber number
due to decreasing lamella thickness. Each of the SH surfaces fol-
lows the same trend, but the microstructure configuration on these
surfaces significantly alters the amount of atomization generation
compared with the SmH by enabling both droplet wetting and lat-
eral vapor escape through the micropost arrays. The 8 pm pitch
surface always exhibits the greatest atomization intensity, presum-
ably due to its low pitch, which allows intermittent wetting at high
temperatures but restricts a large portion of vapor escape. How-
ever, at high Weber number, the 8 pm pitch and SmH surfaces
exhibit almost identical atomization intensity, supporting findings
by Pittoni [38] that wetting effects play less of a role at high We-
ber numbers. It was also found that on the SmH and 8 pum pitch
surfaces, a maximum atomization intensity exists, beyond which
increasing Weber number no longer affects the amount of atom-
ization observed.

Both the 12 pm and 16 um pitch surfaces exhibit very low at-
omization intensity compared with the SmH and the 8 pm pitch as
the increased pitch significantly enhances the ability for to vapor
escape.

A scaling model was developed to explore the resistance to va-
por flow through the SH micropost array. The scaling indicates that
resistance to vapor flow, and consequently atomization intensity,
increases dramatically with decreasing pitch, consistent with ex-
perimental data. Measured atomization intensity was shown to be
a strong function of AP*, indicating that Weber number and sur-
face temperature both play a significant role in resistance to vapor
flow, and that AP* may be used to predict thermal atomization
generation during nucleate boiling.
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