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mation and damage to renewable infrastructure, among others. To address this,
superhydrophobic surfaces aim to minimize the droplet surface interaction thereby,
holding promise to greatly limit heat transfer. However, the droplet impact on such sur-
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faces spans only a few milliseconds making it difficult to quantify the heat exchange at
the droplet-solid interface. Here, we employ high-speed infrared thermography and a
three-dimensional transient heat conduction COMSOL model to map the dynamic heat

flux distribution during droplet impact on a cold superhydrophobic surface. The com-
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prehensive droplet impact experiments for varying surface temperature, droplet size,
and impacting height reveal that the heat transfer effectiveness (Q’) scales with the
dimensionless maximum spreading radius as Q' ~ (R,..x/Ri)*¢, deviating from previous
semi-infinite scaling. Interestingly, despite shorter contact times, droplets impact-
ing from higher heights demonstrate increased heat transfer effectiveness due to
expanded contact area. The results suggest that reducing droplet spreading time, as
opposed to contact time alone, can be a more effective strategy for minimizing heat
transfer. The results presented here highlight the importance of both contact area and
contact time on the heat exchange between a droplet and a cold superhydrophobic

surface.

INTRODUCTION

the promise to limit the heat exchange between the droplet and the
surface.3 While the residence or contact time of the droplet on such

Thermal energy transfer between a droplet and a surface can lead to
many undesired situations such as ice formation on airplane wings,
power transmission lines, renewable infrastructure, and heat loss from
the body of animals during rain.12 One way to limit this undesired
heat transfer is to make the surface superhydrophobic (SHP).23 Such
surfaces exhibit a contact angle >150° and a very low contact angle
hysteresis due to entrapped air within the surface structures.*® As
a result, when a droplet impacts a SHP surface, the droplet quickly

bounces back.>® Such a short contact time and contact area have

surfaces is on the order of a few milliseconds, there is still a finite
amount of heat transfer. The heat transferred can become signifi-
cant for a sequence of droplets such as during freezing rain or spray.?2
Therefore, understanding the heat transfer between a single impacting
droplet and the SHP surface is critical to further design surfaces to tune
thermal energy transfer.

In general, it is believed that reduced contact area and contact time
lead to limited heat transfer. For the purpose of possibly reducing the

heat transfer, a variety of hydrophobic and structured surfaces have
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been developed37-16 focusing on reducing the contact time and con-
tact area. Shiri and Bird? reported a reduction in contact time using
surface structures that redistribute the liquid mass asymmetrically and
hence alter the drop hydrodynamics. Tao et al.1° fabricated inclined
Janus structures to reduce the contact time during droplet impact.
In other studies, asymmetric spreading of a droplet upon impact on
inclined, moving, and vibrating SHP surfaces was shown to reduce
the contact time.1>17-20 Mishchenko et al.3 reported that carefully
designed nanostructured SHP surfaces can prevent ice formation at
low temperatures by reducing both contact area and contact time.
While these studies highlight the importance of micro-/nanostructures
to tune the hydrodynamics of a droplet during surface contact, the
resulting heat exchange needs to be further quantified.

A few recent studies?21-25 have specifically investigated the heat
transfer during a drop impact on SHP surfaces. The heat transfer anal-
ysis presented therein utilized infrared (IR) imaging, however, often
relied on measuring droplet surface temperature,2>2¢ assumed uni-
form temperature into the substrate,?? or the surface temperature
after the droplet has left the surface.22! Such indirect interpretation
may not provide accurate quantification of the solid-liquid inter-
face heat transfer. Further, several previous studies?27-28 utilized a
semi-infinite model that relies on the area-averaged temperature to
predict the heat transfer. While insightful, a semi-infinite model may
not provide accurate spatial information. An accurate quantification
would require a spatiotemporally resolved, noninvasive temperature
measurement technique, along with accurate transient heat transfer
estimation during the short droplet-substrate contact duration.

Recently, some studies2?-33 have reported a detailed methodology
to interpret the solid-liquid interface temperature using IR imaging.
For instance, Bucci et al.2? used an IR-transparent substrate to mea-
sure the temperature of the IR-opaque solid-liquid interface. The study
developed a coupled conduction-radiation model to infer the spatially
resolved surface heat flux during phase change heat transfer. Li and
Weisensee®© used IR imaging to measure the solid-liquid interface
temperature during drop impact on a hydrophobic surface. The study
used a finite volume method to estimate the surface heat flux and high-
lighted the localized high heat flux at the contact line. While the contact
line heat flux plays an important role on a heated hydrophobic surface,
it may not have a similar effect on the SHP surfaces. Gholijani et al.3!
measured the interface temperature and derived the associated heat
flux to study the role of liquid surface tension, substrate temperature,
surface roughness, and droplet size on a heated hydrophilic surface.
While the methodology presented in these studies can be generalized,
the heat exchange between a drop impacting a cold SHP surface may
be fundamentally different due to the lack of phase change near the
three-phase contact line.

In this paper, we employ high-speed infrared thermography syn-
chronized with high-speed fluid morphology to quantify the transient
solid-liquid interface heat transfer during a droplet impact on a cold
SHP surface. To obtain the transient heat transfer during the entire
droplet impact process, we specifically focus on the experiments
wherein the droplet does not freeze on the surface before bounc-

ing. We use an IR-transparent substrate which allows the IR camera

to accurately measure the temperature at the solid-liquid interface.
Unlike previous area-averaged approaches, we import the spatially
and temporally resolved two-dimensional (2D) temperature maps to a
three-dimensional (3D) transient heat conduction model in COMSOL
to accurately simulate the 3D temperature distribution and spatially
resolved surface heat flux. We focus on interpreting the detailed role
of contact area and contact time on transient heat transfer. For this,
we perform experiments at various droplet impacting heights, sub-
strate temperature (AT = 10-20 K), and droplet size (R; ~ 0.5-1 mm).
Our results show that the heat transfer effectiveness scales with the
dimensionless maximum spreading radius Ryax/Rj as Q' ~ (Rmax /R %,
different than previous semi-infinite scaling of (Rmax/Rj)2. Further, the
presence of an air layer on SHP surfaces manifests as an additional
thermal resistance, highlighting the importance of the actual contact
area. Interestingly, we also show that for a given droplet size, droplets
with a higher impacting height provide more effective heat transfer
despite having shorter contact time. This can be attributed to a dom-
inant role played by the increase in contact area during spreading, with
increasing height. Overall, we show that just a reduction in the overall
contact time may not be sufficient to reduce the heat transfer. Instead,
reducing the droplet spreading time can be more beneficial. The results
reported in this study highlight the important role of both contact area
and contact time on the heat exchange between a droplet and a cold
SHP surface.

RESULTS AND DISCUSSION

First, we demonstrate temporally and spatially resolved high-speed
optical and infrared imaging for a droplet impacting a cold SHP surface
(Figure 1). A simplified schematic of the experimental setup is shown
in Figure 1a, while the details of the experimental process are provided
in Supporting Information S1. Briefly, a sealed chamber is purged with
room temperature (RT) nitrogen to maintain a constant environmental
temperature and low humidity (Figure 1a); an IR-transparent sapphire
substrate (transmission details in Supporting Information S9) coated
with a thin layer of IR-opaque black paint and hydrophobic micro-
spheres (referred to as an SHP coating; Figure 1b) is cooled to a set
temperature using cold nitrogen gas beneath. The SHP surface shows a
contact angle of ~ 160° with a very low contact angle hysteresis of <5°.
Details of the fabrication steps and wettability characterization of the
SHP surface are provided in Supporting Information S1. The tempera-
ture of the black paint is probed using a high-speed IR camera (Telops,
M3K; see the blue arrows in Figure 1a). Then, a droplet is dispensed
on the surface from a set height. The droplet impacting dynamics are
recorded using a high-speed camera (Phantom, Veo 640) from the
side, which provides the initial droplet diameter, velocity at impact
(Figure 1c,i), velocity during spreading (Figure 1c,ii), the maximum
spreading diameter Dy, (Figure 1c,iii), and the droplet bounce-off time
also known as contact time t. (Figure 1c,iv). In Figure 1c, the surface
is maintained at 278 K to represent a low-temperature scenario, and
the RT droplet (T; = 298 K) with a diameter of ~2 mm is dispensed

from a height of 9 cm. Simultaneously, the black paint temperature
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FIGURE 1 Experimental setup and the resulting optical and thermal characterization. (a) Schematic of the experimental setup. Room
temperature (RT) nitrogen maintains a constant temperature in the test chamber, while a high-speed (HS) infrared (IR) camera images the
temperature of the droplet-surface interface. (b) Scanning electron microscope (SEM) image of the superhydrophobic surface. (c) High-speed
optical images of a droplet impacting and bouncing on the superhydrophobic (SHP) surface. In this case, the initial temperatures of the surface (Ts)
and the droplet (T)) are 278 and 298 K, respectively. The initial droplet diameter is ~ 2 mm, impacting height (h) is 9 cm and contact time is 10 ms.
(d) Simultaneous temperature map at the solid-liquid interface, acquired from the bottom view, corresponding to the plane shown with a blue dash
linein (c). The corresponding: (e) temperature profile into (cross-section) the substrate, at the white dashed line in (d), (f) spatially resolved surface
heat flux, and (g) heat flux within the substrate are estimated using COMSOL simulation.

captured by the IR camera is assumed to be the drop-substrate
interface temperature (Figure 1d) due to its minimal thickness. The
emissivity () of the black paint was calibrated to be 0.95, using a J-
type thermocouple (Supporting Information S2). The blue dashed line
in Figure 1c,i depicts the IR imaging plane for the corresponding tem-
perature maps. Based on the spatially resolved solid-liquid interface
temperature measured during impact, the 3D temperature in the sub-
strate (Figure 1e, cross-sectional temperature at white dashed line
in Figure 1d) and heat flux on the surface and within the substrate
(Figure 1f,g) are extracted using COMSOL multiphysics as explained
next.

In order to obtain the heat flux at the droplet-substrate interface
using the measured dynamic temperature distribution, we employ the
heat transfer module in COMSOL to solve the 3D temperature and
heat flux profiles at each time step. The methodology is similar to the
finite element approach by Li and Weisensee3° and is briefly described
here. First, we generate a 3D block of sapphire with dimensions the
same as the IR camera window size in experiments (Figure 2a). The spa-
tiotemporally varying surface temperature captured by the IR camera
is then imported as the top surface boundary condition of the sap-
phire (T\r(x, , Z,, t)) as shown in Figure 2a. This allows the top surface
to always represent the solid-liquid interface temperature during the

impact, wherein the heat conducts into the sapphire substrate. Due

to the small timescale of the impacting process, the sides are mod-
eled as adiabatic. Given that the cold nitrogen flow is stopped before
the droplet impact, the bottom surface can be assumed as a natural
convection boundary condition with a heat transfer coefficient (hy,) of
10 W/m?2 K. Note the heated zone does not propagate to the sides
or the bottom of the substrate for the duration of droplet impact, as
shown in Figure 2b. Therefore, the 3D heat transfer analysis is not
particularly sensitive to the side and bottom boundary conditions in
COMSOL. The heat Equation (1) is solved, which produces a time-
dependent 3D temperature profile T(x, y, z, t). In Equation (1), ks, ps, and
¢, are the thermal conductivity, density, and specific heat capacity of
the substrate, respectively.

AT (x,¥,2,1)

ot @)

V- ksVT (x,y,2,t) = psCs

Once a converged 3D temperature profile is obtained, the sur-
face heat flux at each time step is then calculated using Fourier’s law
(Equation 2):

_ks aTlR (X7y7207 t), (2)

"
Y Zo, t) =
as (%, ¥ 2o, 1) 27,

where, Tir(X, ¥, 2o, t) is the instantaneous surface temperature from the

IR camera, and ITiRbeyZo.t is the temperature gradient in the z direction

Zo
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FIGURE 2 COMSOL simulation with experimentally imported top surface temperature (2D) to calculate the 3D temperature profile and heat
flux. (a) Schematic of COMSOL 3D heat conduction model with boundary conditions. The top surface has a spatiotemporally varying temperature
boundary condition imported from the IR camera temperature data. (b) A representative 3D temperature profile of the sapphire substrate was
solved using COMSOL. Here the droplet of radius 1 mm is impacting (h = 9 cm) on a cold superhydrophobic (SHP) surface initially at T, = 278 K.

at the surface (z,) solved by COMSOL. A representative 3D tempera-
ture contour profile is shown in Figure 2b. The details of the COMSOL
model and thermophysical properties are provided in Supporting Infor-
mation S3 and Table S1. Based on this methodology, the estimated
3D temperature and heat flux profiles for a RT water droplet impact-
ing on an SHP surface (T, = 278 K, h = 9 cm, R; = 1 mm) are shown
in Figure le-g, respectively. The short interaction of a droplet with
our SHP surface results in temperature rise localized to the surface
and high spatial temperature gradients of ~ 35 K/cm (evaluated, at the
surface, from Figure 2b) in the z-direction. While the droplet is in con-
tact with the surface for 10 ms, the maximum local heat flux occurs
during droplet spreading (see Figure 1f,ii) and the heat flux remains
small during retraction. This suggests a thinner thermal boundary layer
thickness during spreading.

Tofurther illustrate, the radial heat flux g/’ (r, t) and surface-averaged
heat fluxg!’ during the dropletimpact (T; = 298K, T, = 278 K,h=9cm,
R; = 1 mm) are shown in Figure 3. Note that the radial heat flux is
extracted from the top surface (z,) and along the white dashed line in
Figure 1d. Figure 3a shows that the spreading stage has higher local
heat flux (t = 1 ms green markers and t = 2 ms blue markers) as com-
pared to the retraction stage (t = 4 ms purple markers and t = 7 ms
yellow markers). The highest heat flux exceeded 20 W/cm? during the
initial contact (t ~ 1 ms). The instantaneous droplet spreading radius
r(t) corresponding to each time stamp is illustrated by the bar chart
in Figure 3a. Unlike a droplet impacting a heated surface where the
contact line can have an order-of-magnitude higher heat flux due to
rapid evaporation,1® the contact line heat transfer does not play a sig-
nificant role during droplet impact on cold SHP surfaces. Rather, the
highest heat flux occurred near the center of the droplet during the
initial impact (t # 1 ms), presumably due to a minimal thermal bound-
ary layer thickness (schematic in Supporting Information S8) near the
stagnation point and an increasing thickness of the thermal boundary
layer towards the edge of the droplet (schematic shown in Supporting
Information S8). At t =2 and 4 ms, the heat flux is relatively uni-
form along the radial direction with no visible high heat transfer at
the droplet contact line during spreading or receding. As shown in
Figure 3b, the averaged heat flux (g7 (t), blue markers in Figure 3b)

over the instantaneous droplet contact area, quickly reaches maxima
within 1 ms of droplet contact and thereafter decreases monotoni-
cally during the rest of the spreading stage (the gray-shaded region
in Figure 3b) and retraction stage (the unshaded region in Figure 3b).
The temporally asymmetric heat flux g/ (t) distribution suggests that,
despite a short timescale (~3 ms), the spreading stage may contribute
more to the total heat exchange. The total heat exchange Q(t) over time
(orange markers in Figure 3b), defined by integrating the surface heat
flux over the contact area (A) and time using Equation (3), suggests
that the spreading stage contributes ~65% to the total heat transfer

(end of the gray-shaded region in Figure 3b representing the maximum

Q(t) = / / ::Oq;’dAdt, (3)

Further, during the retraction stage, the heat flux quickly becomes

spreading).

negligible even before the droplet bounces off the surface (see the
yellow marker and the corresponding optical image in Figure 3b). The
findings discussed in this section are applicable to all the experimental
conditions conducted in this study. Such highly transient heat transfer
has important consequences, explained later in the text. To illustrate
the dynamic heat transfer process, a synchronized high-speed optical,
thermal, and 3D heat flux video is provided in Supporting Information
Video S1.

Next, we highlight the contribution of the contact area on the total
heat exchange between the drop and the cold SHP substrate. The
total heat exchange (Q) calculated using Equation (3) for different
droplet sizes, substrate temperature, and impact height is shown in
Figure 4a. Clearly, the larger droplets (R; = 1 mm) have higher total
heat exchange compared to droplets with R; = 0.5 mm. This happens
because, for a given impact height, the larger radius droplet spreads
more upon impact onto the surface and hence has a larger contact area
for heat transfer. Note that the heat flux remains similar among differ-
ent drop sizes (for similar surface temperatures). For a given droplet
size, Q increases with impacting height and the initial temperature dif-
ference between the drop and the substrate (AT = T, — T;). For larger
impact height, the droplet has a higher kinetic energy and spreads
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FIGURE 3 Detailed thermal energy exchange during a droplet impact on a cold superhydrophobic (SHP) surface. (a) The instantaneous radial
heat flux during the drop impact on the cold SHP surface (T, = 298 K, T, = 278 K, h = 9 cm, R; = 1 mm). The radial direction is the same as the
white-dashed line in Figure 1d. The contact radius r(t), captured using high-speed optical imaging, at various time points is illustrated with filled
horizontal bars at the bottom of the figure. (b) Surface average heat flux (based on the instantaneous droplet contact area) and total heat transfer
during various stages of droplet impact. Gray (at impact), green (spreading stage), blue (spreading stage), and yellow (retraction stage) filled
markers correspond to optical images during various stages of droplet impact. Note that the color and time instant for these markers is the same as

in(a).
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FIGURE 4 The dependence of total heat exchange on contact area. (a) Total heat exchange (Q) during drop impact on the superhydrophobic
(SHP) surface for different drop sizes, substrate cooling (AT), and impact height. Note that for a single drop size, the data contain various impact
heights (h) and the initial temperature difference (AT) between the substrate and the drop, hence a spread in the data. The color of the data
markers represents h (regardless of the shape), and the shape of the data markers represents AT (regardless of the color). (b) Normalized heat
exchange (Q’) dependency on the spreading ratio (Ryax/R;). Rmax is the maximum spreading radius, and R; is the initial drop radius. Filled symbols
represent a 1 mm radius drop, and open symbols represent a 0.5 mm radius drop. The dashed lines represent the power law relation of

Q, ~ (Rmax/Ri)Lé-

farther on the surface thereby, providing a larger contact area. A bet-

ter comparison of Q among various experimental conditions can be

realized by nondimensionalizing Q with the maximum possible ther-

mal energy transfer (mc,(T; — T,) or mc,AT), adapted from previous
literature:

Q

. S 4

Q mc, AT’ @

where m is the mass of the droplet (gnR?p;), ¢p is the specific heat

capacity of water, and p; is water density. The normalized total heat

transfer (Q’) is also referred to as heat transfer effectiveness, that is,
the amount of thermal energy exchanged out of total available ther-
mal energy. To understand the impact of droplet spreading on heat
transfer we next plot Q" with the spreading ratio (Ryax/R;), as shown
in Figure 4b. While the total heat exchange (Q) is higher for larger
droplets (filled symbols in Figure 4a), the normalized Q’ (effectiveness)
is higher for smaller droplets (open symbols in Figure 4b). The drops
with 0.5 mm radius exchange approximately three to four times higher
thermal energy out of the possible energy transfer (mcpAT), as com-

pared to the 1-mm radius droplets. Here, the initial volume (V; = gﬂ'R?)
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Effect of the insulating air layer between impacting drop and superhydrophobic (SHP) surface. Effective thermal resistance

comparison during droplet impact on the (a) SHP surface and (b) rough hydrophobic (RHP) surface. The presence of an almost continuous air layer
trapped in between the drop and the surface results in poor effective thermal conductivity (kef) of the SHP surface. (c) The effective thermal

conductivity (keff) as a function of the spreading ratio. The data points in the gray-shaded region represent k

points in the yellow-shaded region represent Kegfy,,»

effyp TOF Various spreading ratios. Data

for various spreading ratios. Data points in the blue-shaded region represent ke, ,, for various

spreading ratios. Different marker colors signify impact height (h) same as in Figure 4a. (d) Scanning electron microscope (SEM) images for SHP,
RHP, and smooth hydrophobic (HP) surfaces. The scale bar in all SEMs is the same at 2 pm.

to spreading surface area (Ayax = 7R2,,,) ratio for smaller droplets is
higher. Therefore, for a given spreading ratio the droplets with lower
initial volume have more liquid mass (relative to the initial droplet
mass) within the thermal boundary layer (TBL). For instance, for a
Rimax/Ri = 2 the V;/Anax ratio is 3 for larger droplet (R; = 1 mm) and 6
for smaller droplet (R; = 0.5 mm), which can also be verified from the
high-speed optical snapshots (Supporting Information: Figure S3) of
the drop impact process. The inset in Figure 4b illustrates the TBL dur-
ing the spreading of two different-sized drops and explains the better
effectiveness of smaller droplets. Comparing the V;/Aax ratio sug-
gests that 0.5 mm radius droplets are twice as effective as 1 mm radius
droplet, close to our experimental observations.

Further, our spatiotemporally resolved heat transfer analysis
shows that the heat transfer effectiveness empirically scales as Q' ~
(Rmax/Ri)16. The heat flux relation here is lower than predicted by the
semi-infinite model, Q' ~ (Rmax/Ri)2.2 We attribute this discrepancy to
the sub-optimal fitting of the semi-infinite model to the spatiotempo-
rally resolved temperature mapping (Supporting Information: Figure
S5b). While the semi-infinite model works well in capturing the tem-
perature decay after the droplet has left the surface (Supporting
Information: Figure S5c), it does not capture the complex heat transfer
process during droplet impact. The details of semi-infinite model fitting
are provided in Supporting Information Sé.

Additionally, on SHP surfaces the actual contact area of a droplet
can be significantly lower than the apparent contact area (Figure 5a).
Such reduction in actual contact area along with the low thermal con-
ductivity trapped air has the potential to greatly alter the thermal

resistance (R in Figure 5a) and hence the heat transfer during a

effsyp
droplet impact. To understand the effect of a trapped air layer between
an impacting droplet and an SHP surface, we estimate the effective

thermal conductivity of an SHP surface based on the heat flux and the

temperature gradient upon initial impact (t ~ 0) using Equation (5):

q//‘
Keff = ———, 5
eff = g Tss )

d

where ke is the effective thermal conductivity between the black paint
layer and the drop (Figure 5a), q;’i is the initial heat flux upon contact,
Tint, is the initial drop bottom surface temperature as it impacts the
SHP surface, T is the initial substrate temperature measured by the IR
camera, and d is the thickness of the SHP coating with the trapped air
cavities (Figure 5a). While Tj,.; is unknown, for the purpose of approx-
imating ke and maintaining consistency in calculations across various
experiments, we assume T;,; to be the same as the initial drop temper-
ature (T)) due to a negligibly thin thermal boundary layer thickness at
t ~0. We then plot ke against Riax/R; under various impacting condi-
tions (the gray-shaded region in Figure 5c). We then compare ketg,p
with effective thermal conductivity of a droplet impacting a rough
hydrophobic (RHP) surface (the yellow-shaded regionin Figure 5¢). The
RHP (SEM in Figure 5d) surface used herein is fabricated with a sim-
ilar recipe as for the SHP surface without the nanostructures (details
in Supporting Information S7). This results in the droplet spreading
to its maximum diameter and then only partially retracting, unlike the
SHP surface where a drop fully retracts and bounces back. The calcu-
lated effective thermal conductivity for both surfaces (RHP and SHP)
is shown in Figure 5c.

A comparison between k, (data points in the gray-shaded region

effspp

in Figure 5¢) and k, (data points in the yellow-shaded region

effrpp
in Figure 5c¢) highlights that the trapped air between the impacting
droplet and the SHP surface results in a lower effective thermal con-
ductivity and hence a lower heat transfer. It is possible that the RHP

surface may still have some air trapped in the roughness cavities
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FIGURE 6 Heat transfer dependency on contact time. (a) Normalized heat transfer dependency on contact time. (b) Temporal evolution of the
droplet diameter highlighting faster retraction of drops impacting with higher impacting height (h). The faster retraction results in lower contact

time for droplets impacting with greater height.

(as shown in the schematic in Figure 5b); therefore, to further sub-
stantiate the impact of trapped air, we fabricate a smooth hydrophobic
surface (HP) using only polydimethylsiloxane (PDMS) spin coating
(SEM in Figure 5d and fabrication details in Supporting Information
S7). The HP surface may not trap any air due to lack of roughness cav-
ities and would result in even higher kefr,,, (shown in the blue-shaded
region in Figure 5c) as compared to kefry, ., (shown in the yellow-shaded
region in Figure 5c). The heat flux for HP, RHP, and SHP surface used
to calculate the effective thermal conductivity is shown in Figure S4 in
Supporting Information. These results highlight that both the apparent
maximum spreading (macroscopic) and actual contact area (micro-
scopic) play an important role in determining the total heat transfer
between adroplet and the surface. Interestingly, while our experiments
show a positive correlation between heat transfer effectiveness and
spreading ratio, it might not always be the case. For an order of magni-
tude understanding, when the diffusion timescale (r) becomes less than
the droplet interaction timescale (t.), increasing the spreading area
may not have an impact on the total heat transfer. In such a case, the
spreading fluid will exchange all/most of the available thermal energy
even before the droplet spreads fully on the surface. The diffusion
timescale depends on the thermophysical properties of the substrate
and the fluid and can be estimated as follows:

T~ —, (6)

where 7 is the diffusion time, L is the diffusion length (here, it is
assumed to be of the order of liquid film thickness when the droplet
is fully expanded), and « is the thermal diffusivity of the liquid. Qualita-
tively, for the experiments performed in the current study, the diffusion
timescale for the water film (from Equation 6) is of the order of 100 ms,
which is significantly greater than the droplet interaction timescale
~0(10) ms. Therefore, we observe a positive correlation between heat
transfer effectiveness and the spreading ratio.

Next, we highlight the impact of contact time (t.) on the overall

heat exchange during droplet impact on a cold SHP surface. Contact

time defines the total duration for which the impacting drop is in
contact with the SHP surface and is varied by changing the impact
height among various experiments. Interestingly, our results show that,
unlike the contact area, the heat transfer does not greatly depend
on the contact time of the impacting droplet, on a given surface.
Figure 6a plots the nondimensional heat exchange (Q’) against the
contact time (t.), which suggests a negligible dependency. Please note
that changing height also affects the maximum spreading (as shown
in Figure 4b), which is applicable in Figure 6a as well. Nonetheless,
with an increase in contact time, the heat transfer effectiveness seems
unaffected.

To understand the possible reasons, first, we illustrate and com-
pare (see Figure 6b) the temporal evolution of the contact diameter
for various impact heights and hence contact time. Interestingly, the
spreading time (ts) remains almost constant (the green-shaded region
in Figure 6éb) with h and the retraction time (t.) reduces slightly (the
yellow-shaded region in Figure 6b) with increasing h due to a faster
droplet rebound (yellow-filled circle markers largest impacting height).
The high-speed time-lapse images shown in Figure 7 highlight how
the lower contact time for h = 7 cm manifests itself as reduced con-
tact area (red lines in Figure 7b represent the instantaneous contact
diameter) during the retraction stage. For instance, for the experiments
shown in Figure 6b, the droplet impacting the surface with h =7 cm
leaves the surface at 10 ms (Figure 7b); however, the droplet impacting
the surface with a lower height (h = 3 cm) still has ~1 mm contact diam-
eter (red line in Figure 7b at 10 ms represents the contact diameter)
with the surface (Figure 7b). A faster reduction in retraction stage con-
tact area for higher impacting height can be expected to cancel out the
effect of increased maximum spreading area (see Figure 7a at 3 ms), to
some extent. However, as shown in Figure 3b, the retraction stage has
lower heat transfer which results in an insignificant effect of reduced
contact time on the heat transfer.

Having obtained the heat transfer dependency on contact time,
we can realize that while the contact area has a positive power law,

Q' ~ (Rmax/R)%, contact time has a negligible impact on heat transfer
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FIGURE 7 Time-lapse optical images showing faster droplet retraction for higher impact height experiment. (a) High-speed snapshots of
droplet spreading stage for h = 3cm and h = 7 cm. Here, the droplet impacts with T; = 298 K on a superhydrophobic (SHP) surface at T, = 278 K.
(b) High-speed snapshots of droplet retraction stage for h = 3cmand h = 7 cm. The red line represents the instantaneous contact diameter during
the retraction stage. Note that despite a larger spreading, the droplet impacting with greater height bounces back faster due to higher retraction

velocity.

between an impacting droplet and the substrate. This helps in resolv-
ing the ambiguity on the role of contact time and contact area on the
droplet impact heat transfer. Importantly, the spatially and temporally
resolved 3D heat transfer solution reveals that the role of the con-
tact area outweighs the effect of a decrease in contact time. This can
be attributed to the effect of contact time in later stages of retrac-
tion which does not have a significant heat transfer. Therefore, simply
decreasing the overall contact time may not have a big impact as the
later stages of retraction contribute less to the overall heat transfer.
For this, surfaces with shorter spreading times can prove to be more
beneficial.

CONCLUSION

Impacting droplets are a common phenomenon in both industrial and
biological systems such as spray cooling, fuel injection, spray coating,
fire suppression, metal quenching, and rainwater shedding by animals
for thermal management. While the applications seem diverse, the
need to control and tune the droplet impact heat transfer ties them
together. Inherently, the short-lived heat transfer during droplet
impact depends on several factors such as fluid, substrate thermal
properties, droplet size, spreading velocity, impacting velocity, and
temperature difference between the droplet and substrate. Among
these, how much the droplet spreads (contact area) and how long the

droplet stays in contact (contact time) with the substrate have the

potential to significantly affect the heat transfer. We demonstrate
the use of spatially and temporally resolved IR thermography to
accurately capture the solid-liquid interface heat transfer during a
droplet impact on a cold SHP surface. Our approach combines IR
thermography with COMSOL simulations to quantify the individual
roles of contact area and contact time on the heat transfer during
droplet impact. The results highlight how the maximum spreading and
actual contact area impact the heat transfer during droplet impact.
Interestingly, the results show that contact area has a dominant effect
on the heat transfer as compared to contact time. Moreover, contact
time does not have any significant impact on the total heat transfer.
We attribute this to the low heat transfer during the retraction stages
of the droplet. Therefore, rather than altering the contact time, tuning
the spreading time may prove to be more beneficial to tuning the heat

transfer.

METHODS

Detailed experimental procedures and data analysis are provided in the

Supporting Information.
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