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ARTICLE INFO ABSTRACT

Keywords: This paper presents an experimental study of drop impingement and thermal atomization on hydrophobic and
Superhydrophobic superhydrophobic (SH) surfaces. Superhydrophobic surfaces having both microscale and nanoscale geometry are
Drol_’let considered. Microscale SH surfaces are coated with a hydrophobic coating and exhibit micropillars and cavities
Impingement

which are classified using the surface solid fraction and center to center pitch. The solid fraction and pitch values
explored in this study range from 0.05-1.0 and 8-60 um respectively. Nanoscale textured surfaces are created
by applying a blanket layer of carbon nanotubes. Both types of surfaces are further classified by a temperature
jump length (4;). All experiments were conducted at We = 85. Results of atomization as a function of time for
the impingement event are provided for several surfaces of varying surface geometry, surface temperature, and
temperature jump length. Nanoscale SH surfaces are shown to completely suppress atomization at all conditions
explored. Results of the maximum atomization that occurred on a given surface are also shown as a function
of the surface temperature. The surface temperature at which the maximum atomization occurs varies with
surface geometry. Further, the time after impact when the maximum atomization occurs is also a function of the
SH surface parameters. In general, the maximum atomization magnitude and the surface temperature at which
maximum atomization occurs each decrease with increasing A;. Further, the time when maximum atomization

Atomization
Heat transfer
Temperature jump length

occurs increases with increasing A;.

1. Introduction

Drop impingement is present in a wide range of applications, in-
cluding spray cooling, ink jet printing, rain, etc. Superhydrophobic (SH)
surfaces can minimize the effect of water exposure on surfaces and en-
able self-cleaning behavior. In order to better implement SH surfaces
in heated environments, it is necessary to understand the dynamics
and heat transfer of drop impingement on these surfaces. Many studies
have been conducted to increase the depth of knowledge surrounding
SH surfaces [1,2]. Studies have shown that the introduction of SH sur-
faces create desirable traits such as self-cleaning [3], drag reduction [4],
and anti-icing [5]. Superhydrophobic surfaces have also been shown to
greatly increase the performance of energy production [6,7] and water
desalination [8,9].

Hydrophobicity, or the degree to which a surface repels water, can
be quantified by the static contact angle. The contact angle, illustrated
in Fig. 1a, is the angle formed between the surface and the tangent line
of the drop at the contact plane. A hydrophilic (HL) surface has a con-
tact angle smaller than 90°, while a smooth hydrophobic (SmH) surface
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will have a contact angle greater than 90°. A SH surface has a contact
angle that is typically greater than a value of 150° and the contact an-
gle hysteresis is generally smaller than nominally 5°. Superhydrophobic
surfaces can be created with either microscale or nanoscale structures.
Fig. 2a shows scanning electron microscope (SEM) images of example
microscale post (left image) and rib (right image) structured surfaces.
Modern manufacturing techniques allow for predefined surface feature
dimensions for both microscale post and rib surfaces. Important dimen-
sions of the microstructures are the center-to-center distance between
structures (or pitch, w), structure diameter or width (d), and structure
height (h), as shown in Fig. 1b and Fig. 2a. One of the most important
parameters of a SH surface is the solid fraction (F,) and it is defined
as the ratio of solid surface at the top of the microstructure to the total
projected surface area.

Nanoscale textured surfaces can be created by growth of carbon
nanotubes (CNT). These structures are not as easily quantified by the
parameters listed above for microscale featured surfaces as they are
more random in nature, but are often characterized by nanotube height
and diameter [10]. Fig. 2b shows an SEM image of carbon nanotubes
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Fig. 1. Drops on microscale structure SH surfaces in the Cassie-Baxter (non-wetting) state (a) and in the Wenzel (wetting) state (b). The microstructure height (h),
diameter (d), and pitch (w) are defined as shown, where the post/rib size is exaggerated. For a real scenario there may likely be numerous posts/ribs beneath the
drop.

SmH Wall

SH Wall
()

Fig. 2. SEM images of example SH surfaces explored in this work. Panel (a) shows round posts (left) and ribs (right) microscale featured surfaces and the image of

panel (b) shows a scan of a nanoscale structured surface using CNTs. Panel (c) illustrates the concept of the temperature jump length, A;.

grown on a surface that was used in this study. Note the scale bar that
is included at the bottom of the image. After the nanotubes are created,
vacuum baking has been shown to yield high levels of hydrophobicity
and contact angles as high as 170° have been reported [11,12].

A sessile drop on a SH surface may exist in a Cassie-Baxter state,
meaning the liquid does not penetrate the posts or “wet” the surface.
A wetted state, also known as the Wenzel state, is also possible but
undesirable for high mobility drops. Fig. 1 illustrates the difference be-
tween the wetting (Fig. 1b) and non-wetting state (Fig. 1a). Note that
the microstructure size is exaggerated in Fig. 1. In reality, numerous
structures are present beneath each drop. When the non-wetting state
prevails, SH surfaces exhibit a temperature jump at the plane of the top

of the structures on the surface, often characterized by the temperature
jump length, A, [13-15]. The temperature jump length is illustrated in
Fig. 2c and it is analogous to the slip length (1) presented by Navier
[16] and is the distance into the surface that the temperature profile in
the drop must be extrapolated to arrive at the surface temperature. For
a smooth surface there is no jump in temperature at the wall, but for
a SH surface the temperature jump exists due to the fact that the drop
is only in contact with the top of each microstructure. This reduction
in contact area, combined with the insulating cavities of air between
microstructures creates the aggregate effect of the temperature jump.
The temperature jump length is analogous to a thermal resistance and,
as it increases, the resistance to heat transfer increases as well. It has
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Fig. 3. Temporal progression of impinging drops on hydrophilic (HL), hydrophobic (SmH), and superhydrophobic (SH) surfaces at We = 85 for (a) unheated and
(b) superheated surface conditions. The time after initial drop contact with the surface is shown along the top of the images and the surface temperature of the

superheated surface was 220 °C.

been shown previously that Ay can be predicted as a function of the
solid fraction and pitch of a SH surface for steady fully-developed lam-
inar microchannel flows. Maynes et al. presented equations for A, as
a function of the solid fraction, Peclet number, and size of the channel
relative to the pitch of the microscale features for flow in channels with
SH walls exhibiting transverse [13] and streamwise ribs [14]. Cowley
et al. considered the scenario of laminar flow through a microchannel
with post structured SH walls and they presented an equation to predict
Ar for this scenario in terms of the governing variables [15]. In general,
microchannel heat transfer decreases with increased values of A, for all
previously considered scenarios [17].

Numerous prior studies have considered the phenomenon of drop
impingement [18-21]. Drop impact speed affects the impingement dy-
namics and is often characterized by the Weber number, We = pV?D/s,
where p is the liquid density, V is the drop impact speed, D is the
drop diameter, and o is the liquid surface tension. Velocity is non-
dimensionalized in this manner due to the large influence surface ten-
sion exerts on the impinging drop dynamics. As We is increased, the
maximum spread the drop experiences increases for all HL, SmH, and
SH surfaces [22].

Impingement dynamics have been shown to be greatly altered by
the wettability of the surface being impacted [22]. For HL surfaces, an
impinging drop will spread until reaching a maximum diameter and
then remain deposited on the surface. For impact on SmH surfaces, af-
ter reaching its maximum diameter the drop will recoil and may even
rebound off of the surface. By making the surface superhydrophobic,
the maximum spread diameter and the time before rebound can be al-
tered significantly [22]. The behavior is altered from the SmH surface
due to increased contact angle resulting in a larger restoring surface
tension force, and increased apparent hydrodynamic slip at the plane of
the surface due to the alternating rib and cavity features.

Fig. 3a shows images extracted from high-speed visualization of
drops impinging on three surfaces used in this work of varying hy-
drophobicity at We = 85. The temporal progression (time shown along
the top of the figure) of each impingement event is shown for HL, SmH,
and SH surfaces, where 1 = 0 corresponds to the instant the drop first
comes in contact with the surface. Several important points exist in the
image sequences. For the HL surface, the drop remains deposited on
the surface and does not rebound. In contrast, the drop retracts and re-
bounds from the SmH and SH surfaces. Also, the progression of the drop
spread and retraction differ modestly for the SmH and SH surfaces, with
rebound occurring quicker for the SH surface. This behavior is a result
of the higher contact angle and lower frictional resistance that prevail
on the SH surface. The total contact time before a drop rebounds from
a surface is largely independent of We, but scales with \/pD3/c [20].

Due to the prevalence of impinging drops in heating or cooling sce-
narios, the thermal transport from a surface to impinging drops is also
of importance [23-25]. When a drop impacts a heated surface, the tem-
perature difference between the drop and the surface and the stagnating
behavior of the drop during deformation yields a highly localized heat
flux from the surface to the drop [23]. The total amount of heat trans-
ferred during the impingement event depends strongly on the impact
Weber number [23]. As the drop first comes in contact with the sur-
face, sensible heating of the drop begins and a thermal boundary layer
develops that grows over time as the drop spreads [17]. With increas-
ing We the spreading drop attains a larger maximum spread diameter,
which increases the interfacial contact area between the surface and the
drop [26]. Further, as We increases the drop lamella and the thermal
boundary layer decrease, enhancing the heat transfer further.

Not surprisingly, the heat transfer to a drop impinging a SH surface
is also a strong function of the SH surface features. Guo et al. consid-
ered this problem from both analytical and experimental approaches for
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Fig. 4. Diagram illustrating lamella liftoff. Difference between outer and wetted
radius is highlighted.

a post structured microscale SH surface [23]. Their model and experi-
mental results showed good qualitative agreement, although the results
were limited to small range of Weber numbers 20 < We < 40 and for
subcritical surface temperatures only. Their results show that as the
solid fraction of the surface decreases, the heat transfer also decreases.
They report a 35% reduction in total heat transfer for a SH surface
with a F; of 0.15, compared to the smooth surface scenario (F; = 1.0).
Their analytical model predicted an even a larger reduction. It should
be noted that in their experiments the SH pitch (center-to-center post
spacing) was not varied.

When drops impinge on surfaces heated above the saturation tem-
perature, boiling may occur, depending on how much the surface
temperature exceeds the saturation value. At low excess surface tem-
peratures, nucleate boiling prevails where small bubbles are created,
enhancing convective heat transfer to the drop. In this regime, the heat
flux to the drop increases with increasing surface temperature until the
critical heat flux condition is reached. Then the drop enters the transi-
tion boiling regime where vapor bubbles grow and coalesce and a vapor
film begins to form. Further increasing excess surface temperature, the
heat flux decreases until the Leidenfrost Point (LFP) is reached [27].
The above described behavior is consistent with a typical boiling curve,
although here the LFP is a function of the impact We [28].

During the nucleate and transition boiling regimes, thermal atom-
ization will occur [29]. Thermal atomization refers to the phenomenon
of vigorous vapor bubble formation and subsequent collapse that results
in the ejection of many small liquid droplets which depart the primary
drop with high speed. At the interface of the impinging drop and the
superheated surface, vapor is generated. On a SmH surface this vapor
will rise through the impinging drop lamella and burst near its sur-
face, producing the ejection of many microjets that form into satellite
droplets. It has been shown that the atomization intensity varies with
time after impact, impact speed, and surface temperature; several inves-
tigators have defined regime maps that predict the conditions for which
thermal atomization will occur [29-32]. These studies have shown that
with increasing We the amount of thermal atomization increases, al-
though the excess surface temperature also exerts a strong affect. The
atomization intensity is representative of the magnitude of the transient
heat transfer to the drop.

During the impingement process on a superheated surface an im-
portant phenomenon known as lamella liftoff may occur. It has been
shown that at approximately the time when the thermal boundary layer
reaches the free surface of the spreading drop, intense evaporation of
the drop begins to occur causing the outer edge of the lamella to liftoff
from the surface [33]. This liftoff allows vapor that is generated to
escape from beneath the drop and consequently the amount of atom-
ization decreases. This liftoff first occurs near the edge of the drop and
then the behavior propagates radially inward and the portion of the
drop that remains in contact with the surface is known as the wetted ra-
dius. The wetted radius, R,,, can be much smaller than the outer radius,
R,, of the spreading drop. Fig. 4 illustrates schematically lamella liftoff
and the difference between the outer and wetted radii of the imping-
ing drop. This lamella liftoff behavior significantly reduces the time an
impinging drop is in contact with the surface during the impingement
event [33]. It should be noted that no prior research has characterized

International Journal of Heat and Mass Transfer 216 (2023) 124587

the lamella liftoff time for SH surfaces and this will be done in this
present study.

The wettability of a surface has also been shown to significantly im-
pact the likelihood and intensity of thermal atomization. Clavijo et al.
generated a regime map showing that increased superhydrophobicity
significantly narrows the range of impact We and surface temperatures
where atomization occurs [34]. Fig. 3b shows still images of drops im-
pinging onto superheated HL, SmH, and SH surfaces at several times
during the spreading phase of the impingement process. Here, We = 85
and the surface, or wall, temperature, 7,,,, was held constant at 220 °C.
The images show that surface wettability significantly affects the over-
all amount of atomization. Here, maximum atomization occurs on the
smooth hydrophobic surface, with a notable reduction in atomization
for the other two surfaces. In this study only one SH surface was con-
sidered.

Cossali et al. showed that for impingement on SmH surfaces, increas-
ing the roughness of the surface, in general, greatly increases the size
of ejected droplets [35]. Atomization has also previously been shown
to be a strong function of the surface feature size (w and F;) [36,27].
Clavijo et al. experimentally explored atomization and how it is altered
for a SmH and three different post microstructured SH surfaces [36].
They held the We constant at 85 and quantified the surface tempera-
ture where atomization would occur for each SH geometry considered,
in addition to quantifying the time varying atomization intensity. They
showed that for increasing post center-to-center pitch that atomiza-
tion intensity decreased. Emerson et al. extended the work of Clavijo
and considered impingement over a range of We from 20 to 200 for
the same SH surface characteristics [27]. For each surface they iden-
tified the conditions of We and T,, where atomization existed. They
also determined the temperatures at which maximum atomization was
observed as well as the Leidenfrost temperatures for each surface con-
sidered. They also postulated that less atomization occurs as the post
pitch increases due to the correspondingly larger flow paths for vapor
to escape beneath the spreading drop.

While some literature exists on atomization during drop impinge-
ment, data for atomization on SH surfaces is still quite limited. This
paper will extend the studies of Clavijo and Emerson to explore in great
detail how pitch, w, and solid fraction, F;, affects atomization inten-
sity. First, experiments are conducted for 11 different microscale post
patterned SH surfaces. Each of these have different surface characteris-
tics than those considered by Clavijo et al. and Emerson et al. and the
results from these experiments show generalized dependence of atom-
ization intensity on a temperature jump length. As will be shown in the
next section, the temperature jump length combines the influence of
pitch and solid fraction into a single variable. In addition, the lamella
liftoff time will be determined for all post structured surfaces and repre-
sent the first measurements of this parameter for drop impingement on
SH surfaces. Second, experiments are conducted for six microscale rib
patterned SH surfaces, providing the first experimental data for atom-
ization on these types of surfaces. Finally, experiments are conducted
for SH surfaces comprised of nanoscale features. Here the features are
carbon nanotubes (CNTs) that are grown on silicon surfaces.

The remainder of this paper is organized as follows. First, the meth-
ods used to conduct the experiments will be described. Then, results
showing the temporally varying atomization intensity as a function of
temperature will be presented for both post and rib structured SH sur-
faces. These results will then be used to present a generalized collapse
of the data that reveals how atomization depends on the SH surface fea-
ture dimensions. Results will then be presented that show atomization
is completely suppressed on all nanoscale SH surfaces considered and a
hypothesis for why this happens will be presented. Following the results
section, conclusions for this work will be given.
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Table 1

Dimensions of all post patterned SH
surfaces used in this study. The
fourth column indicates if atomiza-
tion was observed on the surface; A
=1 (yes), A = 0 (no).

w (um) F, Ar (um) A
8 0.26 1.8 1
8 0.1 3.5 1
8 0.06 4.8 1
10 0.08 5.1 1
12 0.16 3.9 1
16 0.44 2.4 1
16 0.38 2.7 1
16 0.25 3.8 1
16 0.1 7 1
24 0.42 3.7 1
24 0.05 15.1 1
Table 2

Dimensions of all rib patterned SH
surfaces used in this study. The
fourth column indicates if atomiza-
tion was observed on the surface; A
=1 (yes), A = 0 (no).

w (um) F, Ap (um) A
16 0.3 5.2 1
40 0.5 6.4 1
40 0.2 22.0 0
40 0.18 23.3 0
40 0.1 28.1 0
60 0.5 9.6 0

2. Methodology

This section outlines the fabrication process for the SH surfaces, the
experimental apparatus and approach, and the high-speed image pro-
cessing techniques. It also provides equations from which temperature
jump length (4;) and liquid-surface contact temperature (7,) are calcu-
lated.

2.1. Surface fabrication

All surfaces considered here were made using silicon wafers. For
the microscale structured surfaces, microscale arrays of posts or ribs
were etched into silicon. Then a thin layer of chromium (~ 100 nm
thick) was deposited on the silicon surface to facilitate adhesion of the
hydrophobic Teflon® coating. Teflon® was applied by a spin coating
process which yields a nominal thickness of 200 nm. The thickness
of the silicon wafers is 525 um and the combined thickness of the
chromium, and Teflon coating is nominally 0.1% of the thickness of
the wafer. Further, the height of the superhydrophobic features on the
surface is generally more than 20 times larger than the combined thick-
ness of the combined chromium/Teflon layers. Consequently, thermal
resistance caused by the Teflon/chromium is negligibly small compared
to the resistance caused by the SH features themselves.

Using this method, contact angles of § > 150° were obtained for all
SH surfaces considered. Smooth hydrophobic surfaces were made by ex-
cluding the etching step and for these surfaces 6 ~ 120°. A wide range of
SH surface geometries were considered for this study. Table 1 provides
the dimensions for surfaces with microscale posts and Table 2 gives the
same information for all rib structured surfaces. The fourth column in
each table is a binary indicator. If the value is O then atomization was
not observed on this surface for any surface temperature, whereas if the
value is 1 then atomization was observed for at least one impact con-
dition. The heights of the SH features varied from 4-15 um, however,
height was not deemed to be a first order influencer as none of the sur-
faces met the criteria for drop impalement as proposed by Reyssat et
al. [37]. The center-to-center pitch distance, w, and F, were measured
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using a 3D profilometer and the values reported in the table were con-
sistent across the surface to within +5%.

Using the measured values of w and F,, a temperature jump length,
Ar, was calculated for all post structured surfaces using Eq. (1) from
Cowley et al. [15] and these values are also shown in Table 1.

0.1756
/1T=w< —0.1156> )}

s

The equation above corresponds to steady laminar flow in a paral-
lel plate channel with SH walls with post features and it is derived from
a numerical study of the scenario over a very wide range of post and
channel sizes. It should be noted that there has not been any prior exper-
imental works that have reported measured values of the temperature
jump length for any flow scenario and it is possible that the temper-
ature jump length for an impingement scenario could differ from the
scenario of shear flow through a parallel plate channel. However, it is
expected that the dependence of 1, on w and F, should be similar.

Ar was also calculated for all rib structured surfaces considered in
the study. It has been shown that the temperature jump length is a
function of how the ribs are oriented relative to the flow direction
[13,14]. Maynes and coworkers presented values for A, for both trans-
verse and streamwise (relative to the flow) oriented ribs for a steady
fully-developed parallel plate channel flow [13,14]. For the streamwise
orientation it can be determined from the following expression.

Ay = (w/m)In(F,x/2) 2

where F, is the cavity fraction (F, = 1 — F,). For the transverse rib
scenario a simple results were presented graphically and the reader is
referred to [14] for the corresponding values. Because fluid is flowing
in both transverse and streamwise directions during the impingement
event, an average value of A; was computed for each surface by using
the expressions found in these prior studies. These averaged values of
A are included in Table 2.

Nanostructured SH surfaces were also fabricated using silicon
wafers. First, layers of alumina and iron, 50 pm and 7 pm thick re-
spectively, were deposited on the silicon to facilitate carbon nanotube
growth. Wafers were then diced, placed in a furnace at a temperature
of 750 °C, and exposed to hydrogen and methane gas for extended pe-
riods of time to allow CNT growth. Growth time of one minute was
used for all CNT surfaces resulting in CNT heights of nominally 60 pm.
Subsequent nanotube strengthening was performed by increasing the
furnace temperature to 900 °C while continuing to flow the hydrogen
and methane gasses. This process is known as infiltration and is done to
increase CNT diameters by coating the multi-walled CNTs with amor-
phous carbon. Infiltration time varied from 1-5 minutes, which resulted
in CNT diameters varying from 30-75 nm. To yield the surfaces su-
perhydrophobic, the CNT structured surfaces were placed in a vacuum
oven and were then baked at 350 °C for 12 hours at a pressure of 17
kPa. This process has been shown to yield high levels of hydrophobicity
[10-12].

2.2. Experimental setup

Prior work has shown that the amount of atomization is a strong
function of both the surface temperature and We, with atomization in-
creasing as We increases [27]. At low We the atomization intensity is
very small or non-existent. At values of We > 120, peripheral splash-
ing of the drop can occur during the spreading phase. This splashing
can occur simultaneously with atomization. To avoid the complexities
associated with delineating the difference between droplets formed by
splashing versus those formed by the atomization process, all experi-
ments were conducted at a fixed value of We = 85. At this value of
W e there is significant atomization but splashing is non-existent. The
target surface temperature was varied in 20 °C increments from 120 °C
up to a maximum of 320 °C. Teflon® begins to degrade at temperatures
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Fig. 5. Schematic of the experimental setup showing positions of the high speed camera, dropper syringe, heated aluminum block, thermocouple and temperature
controller, and halogen lamp. The test surface of interest is shown placed on top of the aluminum block.

higher than 340 °C and this limited the upper temperatures that could
be explored. The water drop temperature was held constant at nomi-
nally 25 °C for all experiments.

Fig. 5 shows a schematic of the experimental setup, lighting, and
high-speed camera position. Spherical drops of nearly equal size (D =
2.2 mm) were dispensed from a syringe placed at a height that would
yield the desired impact condition of We = 85. The test surfaces were
mounted on an aluminum block that was heated using embedded heat
cartridges. The surface temperature of the aluminum was measured
using k-type thermocouples that were located near the center of the
aluminum block and immediately below the impingement location on
the test surface. A Love Controls Series 2500 temperature controller was
used to maintain constant surface temperature of the surface. A Photron
APX RS Fastcam Imager was operated at a frame rate of 3000 fps to vi-
sualize the time varying behavior during the impingement event. Ten
impingement events were captured and the results were averaged to
yield a robust measure of the temporal atomization for each surface
temperature considered for all surfaces. The test surface was illumi-
nated by a halogen lamp to avoid variations in lighting that exist with
AC light sources. The halogen lamp was filled with treated glass to pro-
vide diffuse lighting and an evenly illuminated background.

2.3. Image processing

High speed images were analyzed in MATLAB using the same tech-
nique used by Clavijo et al. and Emerson et al. [36,27] and are described
briefly here. Time varying high-speed images of the dynamical sequence
were saved as grayscale images. Each series of images contains an image
before the drop enters the frame, referred to as the background image.
The sequence then contains all successive images up to the point when
the drop has rebounded from the surface. For each analyzed frame, the
image is cropped to leave only the impinging drop in the center of the
frame. Then the background is subtracted from the original image to
eliminate any spurious surface reflections.

Atomization intensity is quantified in each image to be the sum of
all pixel values that contain atomized droplets. Some atomized drops
are larger or more in focus than others and they have corresponding
larger pixel values in the summation. This summation results in a to-
tal measure of atomization, A, for that frame. The atomization is thus
computed for every frame of the sequence of images to yield atomiza-
tion data as a function of time. The total atomization is then normalized
as A* = A/A,,., where A, is the maximum value of atomization that
was observed on the SmH surface over the entire range of tempera-

tures explored. This normalization convention is consistent with that
used by Clavijo et al. and Emerson et al. [36,27]. It should be noted
here that the atomization parameter A that is presented is a measure
of the area of the atomized drops and not of the volume of the drops.
Due to the three-dimensional nature of the atomization event obtaining
a volumetric measurement of the atomization is exceeding difficult and
would require multiple high-speed synchronized cameras imaging the
atomization events from different angles.

To determine the time at which the lamella lifts off of the surface,
the instantaneous wetted and outer diameters of the drop were cal-
culated. Fig. 4 illustrates the difference between these two diameters.
Similar to the image processing for the atomization measurements, a
background image is first subtracted from the original images to elimi-
nate noise. At the time of first drop impact, the surface contact location
is identified. After impact, and while the drop is spreading, the distance
across the drop is measured at the widest point and this is considered to
be the outer diameter. The distance across the bottom of the drop where
it is in contact with the surface is also determined from the images and
this corresponds to the wetted diameter. Tracking these diameters is
followed for every frame throughout the entire impingement event. At
some time, these values of R, and R,, will rapidly begin to deviate as
the lamella begins to liftoff from the surface. The time corresponding
to the frame where this deviation begins is considered to be the time of
lamella liftoff, ¢; .

2.4. Contact temperature

As noted above, the surface temperature is measured by thermocou-
ples embedded in the aluminum block. However, the heat transfer from
the surface to the drop is dependent on the instantaneous interface tem-
perature. Thus a contact temperature, 7,, is also computed similar to
how the interface between two contacting semi-infinite media is com-
puted [17].

_ eTr+€,T,

c

3
e +ey
In the above expression, e, is the effusivity of the fluid, ¢, =
vVkse, sps, where k is the fluid thermal conductivity, c,  is the fluid
specific heat, and p, is the fluid density. Substituting in values of the
thermophysical properties of fluid from Table 3 yields e, = 1.6 x 103
J/(m?Ks'/?). T, and T,, are the initial temperatures of the fluid drop
and wall respectively. The effective effusivity of the wall, ¢,,, accounts
for the effusivity of the silicon as well as the air pockets beneath the
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Table 3

Thermophysical properties of materials. Parenthetical letters rep-
resent the subscript used in nomenclature. CNT properties are used
from Yadav and Sahoo and all other properties are used from Guo
et al. [38,23].

Properties Water (f) Silicon (s) Air (a) CNT (CNT)
p (kg/m?) 998 2329 1.29 852

¢, (J/kg-K) 4200 700 1006 1800

k (W/m-K) 0.6 120 0.026 0.15

drop as outlined by Guo et al. [23]. Based on the solid fraction of the
SH surface, this effusivity is calculated as ¢, = ¢, F, + ¢,(1 — F,), where
e, and ¢, are the effusivity of silicon and air, respectively. This effusiv-
ity assumes no penetration of water in the cavities. Using the respective
thermophysical properties of silicon and air from Table 3 yields ¢, =
1.4 x 10* and ¢, = 5.8 J/(m?Ks!/2),

The contact temperature will be used in later analysis regard-
ing atomization onset temperature and suppression of atomization on
nanoscale structures.

3. Results and discussion

Results from this study are organized as follows. First, atomization
data will be presented for impingement on microscale structured sur-
faces. The time varying atomization as a function of surface temperature
is presented for both post and rib structured surfaces at several surface
temperatures. For every transient scenario a maximum in the atomiza-
tion intensity exists. This maximum value is identified for each case
and then this value will be shown as a function of the surface tem-
perature for all microstructured surfaces. Further, the time when this
maximum value occurs is also identified and this time will be compared
to the measured lamella lift-off time. Then impingement behavior on
CNT surfaces will be discussed. Temporally varying atomization data is
not presented for CNT surfaces since atomization was never observed
for any condition explored. A hypothesis for why atomization is com-
pletely suppressed on all CNT structures will then be provided. Finally,
generalized behavior of all surfaces will be presented in terms of a tem-
perature jump length.

3.1. Atomization of microstructured surfaces

Fig. 6 shows A* as a function of time on the SmH surface and five
different SH surfaces. Fig. 6a provides A* vs time data at four different
surface temperatures (180, 200, 220, and 280 °C) for the SmH surface
as a benchmark against which to compare results for each of the SH sur-
faces. Panels b-f provide results for the five SH surfaces and for each,
corresponding values of w, F,, and A, are listed. Recall that the im-
pingement We is 85 for all results and ¢+ = 0 corresponds to the instant
the drop first comes in contact with the surface. For each SH surface re-
sults are shown over a range of surface temperatures that encompass the
conditions where atomization was observed for each respective surface.
Experiments were conducted over a wider range of surface tempera-
tures than shown in the figures. However, data are not shown for all
scenarios considered to increase clarity of observed trends.

The horizontal and vertical axes are the same for all panels of Fig. 6
to allow comparison between the various cases. However, for the sur-
faces with low levels of atomization (Fig. 6b, e, and f) inset plots are also
included to better illustrate the smaller atomization values that exist on
these surfaces. Panel b provides data for one of the two rib structured
surfaces that exhibited appreciable atomization while panels c-f show
results for four post-structured surfaces and depict important trends for
variations in F; and w. When the post center-to-center pitch is held
constant while F, decreases from 0.25 to 0.1 the time varying atomiza-
tion curve is lowered significantly. This is shown by comparing results
shown in panels ¢ and d where the pitch is held constant at 8 um, and
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in panels e and f where the pitch is held constant at 16 pm. The max-
imum observed atomization in panel ¢ (w = 8 um and F, = 0.26) is
approximately five times greater than that shown in panel d (w = 8 pm
and F; = 0.1). Similarly, the maximum observed atomization in panel
e (w = 16 um and F, = 0.25) is approximately 80 times greater than
that shown in panel f (w = 16 um and Fs = 0.1). Further, when F,
is held constant, at either 0.25 or 0.1, then as w increases from 8 pm
to 16 pm atomization intensity is again significantly decreased by simi-
lar magnitudes. This reduction is shown by comparing results shown in
panels c and e where the solid fractions are 0.25 and 0.26, and in pan-
els d and f where the solid fraction is held constant at 0.1. Note that
A* curves with the largest magnitude shown in Figs. 6d and 6e are sim-
ilar in magnitude, despite the surfaces having very different values of
F, and w. The temperature jump lengths (as calculated using Eq. (1))
for these two surfaces, however, are similar. This suggests that A, is a
more important parameter for understanding the thermal transport to
impinging drops than either F, or w alone. Note that data for only two
temperatures (240 °C and 280 °C) are shown in Fig. 6d. At surface tem-
peratures lower than 240°C and greater than 280°C no atomization
was observed. At 260 °C the atomization curve was nearly identical to
the 280 °C case and for clarity these data are not shown.

For all cases shown in all panels of Fig. 6, A* = 0 at r = 0 and
then increases as the number of ejected droplets increases. These ejected
droplets have significant velocity and shortly after atomization ceases
to be produced, some of the small atomized droplets begin to leave the
field of view, resulting in a decrease in A* as time continues to increase.
Thus, a maximum in the A* vs ¢ data exists for all cases and this peak is
denoted as A} . The time at which this maximum atomization amount
occurs is referred to in this paper as #,, and both A? and ¢, vary for sur-
faces of different surface microstructure. In this study ¢,, was observed
to vary from 2.66 ms to 4.33 ms.

The data show that A’ is a strong function of surface tempera-
ture. As surface temperature increases, A} initially increases until a
maximum is reached and A} then decreases until zero atomization is
observed. The temperature corresponding to the largest value of A%
also depends strongly on the surface microstructure and this value is
denoted as 7,,. For example, for the F, = 0.26 and w = 8 pm surface,
the largest A’ is achieved at a T,, = 280°C while for the F; = 0.1
and w = 16 um surface A} occurs at a much lower surface tempera-
ture (160 °C). The value of T, is shown later to depend systematically
on Ar.

The peak in atomization intensity, A% , may occur due to either a de-
crease in heat transfer to the drop, or to an alternative path of vapor to
escape from beneath the drop. When the lamella begins to liftoff of the
surface, the wetted area between the drop and the surface decreases re-
ducing the corresponding heat transfer to the drop. Also, as the lamella
begins to liftoff, some vapor formed near the surface and outer edges
of the drop is able to escape from beneath the drop. This suggests that
there is correspondence between the time when the atomization is at a
maximum and when the lamella lifts off. Fig. 7 shows the measured val-
ues of 7,, as a function of the measured values of 7, . The lamella liftoff is
determined, as explained in the preceding section, to be the time when
the measured outer radius of the drop departs from and exceeds the
wetted radius. Each data point shown in Fig. 7 represents the scenarios
shown for the SmH and three post patterned SH surfaces where signif-
icant atomization was prevalent. These surfaces are those listed in the
legend of Fig. 8a. It should be noted that these surfaces were selected as
lamella liftoff is difficult to measure on surfaces with low atomization
and is even non-existent when atomization magnitudes are sufficiently
low. Note the discrete nature of 7,, and 7; data, this is due to the frame
rate of the camera which captures an image every 0.333 ms. For this
reason error bars have been added in both the x and y directions. An
equivalence line is included on the figure to emphasize that the mea-
sured value of ¢,, and ; support the hypothesis that these events occur
nearly simultaneously.
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Fig. 6. A* vs 1 for various surfaces at We = 85 for all results: a) SmH surface; b) Ribbed SH surface; (c-f) Four post patterned SH surfaces of varying geometry.
Surface dimensions and A; are provided at the top of each panel and results are shown for each case at multiple wall temperatures.

We now consider how A’ varies with surface temperature and sur-
face properties. Fig. 8 presents A’ as a function of surface temperature,
T, Three panels of data are shown that include surfaces where rela-
tively large (panel a), medium (panel b), and small (panel c¢) amounts
of atomization were observed. Notice that the three panels have dif-
ferent vertical axes corresponding to the varying magnitudes of A’ .
Experiments were performed on all of the surfaces shown in Table 1,
however, the results shown are reduced in order to maintain clarity. It
should be noted here that atomization was not observed on any surface
where the temperature jump length was greater than 6 pm (with the ex-
ception of one post patterned surface) and this includes all but two of
the rib patterned surfaces, as shown in Table 2. The post patterned sur-
face that behaves unexpectedly is thought to have experienced partial
wetting due to its relatively small solid fraction and large pitch (F, =
0.05 and w = 24 um). Filled and open data markers correspond to post
and rib structured surfaces respectively.

The data in Fig. 8 show that A* increases with increasing wall tem-
perature until it reaches a maximum at a surface temperature defined
to be T,,. As the wall temperature is increased beyond this value, transi-
tion boiling behavior prevails, and atomization intensity decreases until
the LFP is reached. The data of Fig. 8 show that A* exhibits a strong de-
pendence on the SH surface solid fraction and pitch values. It was noted
above that when w is held constant, A” decreases with a decrease in F
and, for constant F;, A’ decreases with increasing w. The data also
show that the overall maximum amount of atomization that was ob-
served does not occur on the SmH surface. Instead, values of A” for the
F, = 0.26 and w = 8 um and for the F;, = 0.44 and w = 16 pm surfaces
exceed the smooth surface values. As noted in the introduction, when
microstructures are added to a surface and the Cassie state prevails, the
amount of heat transfer can be reduced notably. However, adding mi-
crostructures also increases the number of bubble nucleation sites that
exist on the surface, which would yield an increase in the rate of bub-
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Fig. 7. Time when the maximum atomization is observed, ¢,, as a function of
the lamella liftoff time, ¢, .

ble formation/collapse. Thus, the process of placing microstructure on
a surface yields competing affects when boiling occurs. It is hypothe-
sized that for the F, = 0.26 and w = 8 pm and F;, = 0.44 and w =
16 um surfaces that the combination of relatively large solid fractions
and small pitch values yield an increased density of nucleation sites
that results in an increase in bubble formation and the corresponding
increase in observed atomization. Then, as the solid fraction decreases
or as the pitch increases, the reduction in heat transfer exercises greater
influence and the amount of boiling and atomization decreases.

The data of Fig. 8 also show that the value of T,, where atomiza-
tion begins, the value of T, when atomization is a maximum (7,,), and
the value of T,, when the LFP is reached are all functions of F, and w.
T,, is analogous to the temperature at the critical heat flux when con-
sidering the classical boiling curve. The value of T,, extracted from the
Ay vs T, curves does not maintain a consistent trend based on either
F, or w alone. The Leidenfrost temperature, T} , while more difficult
to quantify than T,, due to experimental temperature limitations, also
varies with F; and w. Later in the paper it will be shown that 7,, and
T, are very well correlated by using the concept of the temperature
jump length and how these vary with A; will be presented.

3.2. Atomization on CNT SH surfaces

As stated above, atomization was not observed during impingement
on any superheated CNT surfaces regardless of the magnitude of the
surface temperature. Two types of CNT structures were explored, CNT
structures coating a micro-structured surface (two-tiered surface), and a
uniform distribution of CNTs that were grown on a smooth surface. The
two-tiered surface had CNTs that were grown on a post structured sur-
face with F; = 0.2 and w = 12. For all CNT surfaces, the CNTs were
grown for one minute and this yielded uniform heights of nominally
60 pm. The microscale post structures maintained their shape after the
CNTs were grown at equal rates on top of the posts and inside of the
cavities. Five two-tiered and five smooth surfaces were fabricated and
tested. The infiltration time was varied in one minute intervals from
1-5 minutes. Recall that infiltration results in increased diameter of the
CNT’s, but doesn’t change their height. After infiltration, the diameters
of the CNTs ranged between 30-75 nm. Regardless of CNT diameter or
surface type (two-tiered or smooth), impingement events consistently
yielded zero atomization. This prevented drawing conclusions regard-
ing impact of CNT size on atomization intensity.

The suppression of all atomization on the CNT coated surfaces is at-
tributed to the low effusivity of the CNTs. Physical properties of CNTs
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are variable and difficult to quantify. Here values are used from Ya-
dav and Sahoo for the CNT thermal conductivity (k-yr), specific heat
(cpent)s and density (pcy7) which are recorded in Table 3 [38]. Solid
fraction is not able to be quantified for CNTs, but for the upper limit
case (F, = 1.0) the thermophysical property values yield ¢cny = 4.79
x 10% J/(m2Ks!/2). By comparison, the effusivity of silicon is nomi-
nally 30 times higher (¢, = 1.40 x 10* J/(m2Ks'/2). The implication of
the very low effusivity is more clear when the contact temperature is
calculated following the approach outlined in section 2.4, where T, is
calculated to be significantly lower for drops impinging onto a CNT sur-
face. In effect, the low effusivity of the CNTs combined with the trapped
air between them yields a very large thermal resistance that results in
the contact temperature always being lower than the saturation tem-
perature. Shown in Fig. 9 are values of T,, calculated using Eq. (3), as a
function of T,,. Computed values are shown for three micro-structured
silicon surfaces with varying F; (0.1, 0.25, and 0.5). As T, increases, T,
increases linearly for all cases. When T, is less than T, (100 °C), phase
change should not occur. Thus, for the silicon surfaces, the tempera-
ture where boiling would first be observed moves from approximately
120 °C for the F; = 0.5 surface to 135 °C for the F; = 0.25 surface and
finally to 185 °C for the F; = 0.1 surface. Values are also shown for a
CNT coated surface. Even if we assume F, = 1.0 (thought the actual F,
will be much smaller), the contact temperature never exceeds T, over
the range of wall temperatures considered in this study. This suggests
that atomization should indeed never be observed for impingement on
CNT surfaces over the range of surface temperatures considered. In re-
ality, the contact temperature on a CNT surface will be even lower than
that shown in Fig. 9 because here the limiting case of F, = 1.0 is con-
sidered. The T, values shown in the figure also suggest that the onset
of boiling and atomization on silicon SH surfaces should occur at dif-
ferent temperatures, depending on the F, of the surface. Values of T,
at which atomization begins to occur differ greatly in Fig. 8. However,
values of T, at which atomization begins to occur are clustered much
more tightly and most surfaces display atomization at a T, close to the
saturation point.

3.3. Generalized atomization parameters

It was observed that increasing F; and w exert competing influences
on the intensity of atomization. Here the critical parameters of A}, T,,,
and ¢,, are considered and presented in terms of the calculated temper-
ature jump length, A;. The contact temperature concept is also used to
further explore generalized behavior.

Shown in Fig. 10 is the maximum value of A’ that was observed
for every surface considered in the study where atomization was ob-
served. This value is presented as a function of the computed value of
Ar that is included in Tables 1 and 2. The surface temperature for each
data point corresponds to the unique value of T), that exists for each re-
spective surface. Thus, the data shown correspond to different surface
temperatures. Recall that the values of A, show in Tables 1 and 2, and
that form the horizontal axis of Fig. 10, correspond to the straightfor-
ward steady fully-developed channel flow scenario. We do not believe
that these values represent the exact temperature jump length for the
complex unsteady spreading and retraction dynamics that exist in the
impingement event considered here. In this event it is likely that the
temperature jump length itself is not constant, either temporally or spa-
tially. Rather, we use them here to show how important parameters
from the current study collapse to single representative curves using
these values of A;. Indeed, these values do a good job of combining the
solid fraction and SH surface center-to-center pitch spacing into a sin-
gle parameter that provides good correlation of the experimental data.
Future work is warranted that explores from a computational point of
view how the temperature jump length changes over time and space for
the complex dynamical scenario of droplet impingement.

The value of 4; = 0 corresponds to that for the smooth surface
(SmH) and this surface is considered to be the baseline against which
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levels of atomization for all other surfaces are compared. As Ay is in-
creased above 0 the maximum atomization value actually increases
modestly up to A = 2.5. For example, it is nominally 35% higher for
the F;, = 0.44 and w = 16 um surface than for the SmH surface. Again,
it is proposed that this increase is due to the structured surfaces having
many more nucleation sites than the smooth scenario. Then as A, con-
tinues to increase above 2.5, the value of A% drops rapidly. In the range
of 2.5 < Ay < 6 the value of A’ decreases towards zero. For the range

10

Ar > 6 atomization was observed, but the magnitude was negligibly
small. As shown in Tables 1 and 2, atomization was never observed on
four microscale surfaces and those surfaces all have A; values greater
than 6.0.
As illustrated by the data of Fig. 8, a large variation in the value of
T,, marking the onset of atomization was observed and this tempera-
ture is a strong function of the surface characteristics. For each surface,
after data was collected over the entire temperature range, the surface
temperature at which maximum atomization occurred was recorded.
This temperature was then converted to a contact temperature using
Eq. (3) and is denoted as T, ,. It is further considered how the corre-
sponding value of T, ,, depends on the temperature jump length. Shown
in Fig. 11a is the T, ,, data as a function of the computed temperature
jump length. Presented in this form the data tend to collapse toward
a single representative curve and a trend line is included in the fig-
ure to illustrate the systematic behavior dependency of T, ,, on A;. The
error bars are indicative of the experiments being conducted in 20°C
increments. Three data points are also included from surfaces consid-
ered previously by Clavijo et al. and one data point is included from the
study conducted by Emerson et al. [27,36]. These data fall consistently
on the trend of the current data.
An important outcome of this work is that the data of Fig. 11a allow
a priori prediction of the temperature at which maximum atomization
will be observed on a surface as a function of the corresponding value
of Ap for a superhydrophobic surface of interest. Interestingly, the ob-
served atomization on the SmH surface (A, = 0) has a maximum at a
value of T, ,, that is slightly lower than that of the SH surface with the
lowest A, value explored (the F, = 0.26, w = 8 pm surface with Ay
1.8). As Ay increases above 1.8, T,

. decreases systematically. For val-
ues of Ay > 6.0 the trend line suggests a value of T, ,, that drops below
100 °C. Recall that for these surfaces the amount of atomization (even
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Fig. 11. (a) Contact temperature corresponding to the point maximum atomization, T, ,, as a function of A;. (b) Contact temperature corresponding to the Leidenfrost
point, T, ; -, as a function of A;. Data from Emerson et al. and Clavijo et al. are included as indicated [27,36].

for the maximum condition) was very small or non-existent. The fact
that T, ,, drops below the saturation temperature at Ay > 6.0 is consis-
tent with the A data of Fig. 10 that showed minimal atomization for
surfaces with A > 6.0.

Shown in Fig. 11b is the computed value of the contact tempera-
ture at the point where Leidenfrost behavior prevails, T, ; ¢, or where
all atomization has ceased, as a function of A;. T, ;  is again computed
from Eq. (3), using the wall temperature where the atomization level
has dropped back down to zero. Of course, the value of T, ;  exceeds
T, for all surfaces but the shape of the trends with varying A, are sim-
ilar. In general, the LFP was more difficult to quantify than the point of
maximum atomization. This is because for some scenarios experiments
could not be conducted at sufficiently high surface temperature due to
limitations in the experimental setup. Regardless the trends in T, ; » and
T, with Ay are consistent.
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Shown in Fig. 12 are the same values of A” that are shown in Fig. 10,
but now plotted as a function of the corresponding contact tempera-
ture T, ,. Results are shown for all scenarios where the impingement
events yielded non-negligible levels of atomization. The data generally
reveals a systematic increase in A} as the computed value of 7, ,, in-
creases providing an alternative way of interpreting the data. Data are
only shown for scenarios where measurable atomization existed and the
results show clearly that if the contact temperature is lower than ap-
proximately 110 °C that significant atomization will never be expected
for microscale structured surfaces, even if the surface temperature is
very high.

We now turn our attention to how the time of maximum atomiza-
tion, ¢, varies with A;. Fig. 13 provides these data for all surfaces
where atomization was observed. Similar to the T, data, the corre-
sponding times cluster toward a single representative curve, which is
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illustrated with a trend line on the plot. Generally, for the non-zero i,
values explored in this work, 7,, increases with increasing A;. Here the
SmH surface exhibits a time of nominally 3.2 ms and 7,, decreases be-
low this for the first SH surface considered. At larger values of Ay, 1,
then increases with increasing A,. The error bars on the data correlate
to the frame rate of the high speed imaging, which was 3,000 fps. Data
is also included from Emerson et al. and it falls along the trend of all
current data [27]. Data of this kind was not available from the study
done by Clavijo et al. which was used for previous validation.

To recapitulate, the data of Figs. 10, 11, and 12 reveal that for We
= 85 atomization would not be expected for any microscale featured
SH surfaces when A, is greater than 6 um when the drop does not
wet the surface. Another implication of the data is that at A; > 6 pm,
film boiling or Leidenfrost type behavior prevails over the entire range
of possible surface temperatures explored here. Further, the systematic
variation of T, ,,,, t,,, and A* with Ay allows first order prediction of how
much atomization (a measure of the amount of phase change) would be
occurring as a function of the SH surface characteristics. This informa-
tion would be valuable in developing predictive models of the rate of
drop vaporization during impingement process on hot SH surfaces.

4. Conclusions

Thermal atomization intensity of a liquid drop impinging on su-
perheated surfaces was investigated at an impact Weber number of
85. A SmH surface and several SH surfaces with micro-structured and
nano-structured geometry were considered. Micro-structured geometry
consisted of post and rib patterned micro-arrays defined by their pitch
and solid fraction. Nano-structured geometry consisted of CNT struc-
tures of varying nanotube diameter.
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For a single impingement event, atomization increases with time
until peaking at the point of lamella liftoff. The magnitude of the atom-
ization is dependent on the surface temperature and geometric features
of the SH surface and the time when the maximum atomization oc-
curs is dependent on the SH features. During impingement, atomization
magnitude increases until peaking where transition boiling begins to
occur, it then decreases until the LFP is achieved. The surface temper-
atures where the atomization reaches a maximum and then the LFP
is attained also vary with surface geometry. For all of the results pre-
sented here the temperature of the drop was equal to nominally 25 °C It
should be noted that as the water drop temperature increases the wall
temperature where atomization begins would decrease and the overall
magnitude of atomization would increase. Investigating the specific in-
fluence of drop temperature on the atomization dynamics is worthy of
a future study.

For micro-structured surfaces, pitch and solid fraction may be com-
bined into a single parameter, 4, and the atomization magnitude has
been shown to generally decrease with increasing A;. Further, the con-
tact temperature, 7T, ,, and time, 7,
occurs were shown to behave systematically with 4. The current data
allow a priori prediction of the conditions under which atomization will
occur for impingement on SH surfaces. The following provide a sum-
mary of primary conclusions regarding the microstructured surfaces:

, at which maximum atomization

1. Atomization was completely suppressed on all surfaces where A, is
greater than 6 um.

2. Interestingly, the maximum observed atomization occurred for a
surface with A; = 2 ym and the value was about 30% greater than
the maximum observed for a smooth hydrophobic surfaces.
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3. For all surfaces where A; > 6 um, film boiling, or Leidenfrost, type
behavior prevails over the entire range of surface temperatures that
were explored.

4. The contact temperature at the Leidenfrost point was nominally
260 °C for the smooth surface and it decreased from to a value of
approximately 120 °C for surfaces with A; = 6 um.

5. The time after impact when maximum atomization occurs was also
shown to be a strong function of A;. It is reaches a minimum value
of 2.5 ms for surfaces with 4; = 2 um (decreasing from 3.4 ms for
the smooth surface) and then increasing to approximately 4.3 ms
for surfaces with A, = 6 um.

The focus of the paper was to explore the impact of variations in the
SH surface feature dimensions (height, pitch, and cavity fraction) on
atomization over the range of surface temperatures where atomization
was observed for each surface. A single impact Weber number (85) was
chosen to keep the scope of the work reasonable. Previous work by
Emerson et al. [27] considered variations in the impact Weber number.
They considered Weber number values of 20, 40, 85, 150, and 220, but
for only three different post patterned SH surfaces. They observed that
the maximum atomization intensity was similar at We = 85, 150, and
220, while it decreased with decreasing W e for the lower scenarios. It is
thus expected that the conclusions of the current paper will yield similar
results at We > 85, with diminishing atomization as We decreases.

Atomization was completely suppressed on all nanoscale structured
(CNT) SH surfaces over the entire range of temperatures explored. This
is thought to be due to the low thermal effusivity of the CNTs that were
grown on the surface. Due to the effective insulation of the CNT layer,
the computed contact temperature never exceeds saturation over the
temperature range explored in this work.
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