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This study experimentally and theoretically investigates the dynamics and heat transfer to impinging
water droplets on superhydrophobic surfaces heated below the boiling temperature. Different from
impingement on hydrophilic substrates, the droplets rebound from the surface after the spreading and
retraction stages. Experiments are performed using simultaneous high speed video and infrared (IR)
imaging to capture droplet dynamics and temperature variation during the transient event. Thermal
images allow estimation of bulk droplet temperature change during contact such that the cooling effec-
tiveness for an individual droplet can be estimated. A similarity solution is utilized to yield a model for
the transient heat flux at the droplet-wall interface, where convection inside the droplet is accounted for.
The experimental and theoretical results for the cooling effectiveness show good agreement. It is revealed
that the cooling effectiveness increases with Weber number but decreases with droplet diameter and sur-
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face cavity fraction (the ratio of cavity area to total surface area).
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1. Introduction

Heat transfer to impinging liquid droplets is of importance in
nature and industrial applications such as spray cooling, fuel injec-
tion and inkjet printing [1-3]. In 1966, Wachters et al. [4] studied
the heat transfer from a very hot plate to impinging droplets with a
sensitive heat flow meter. At surface temperatures above 400 °C,
the Leidenfrost boiling state was found to occur, where the heat
transfer to the droplet is rather poor. With the development of high
speed photography, researchers have a better understanding of
droplet impingement. Bernardin et al. [5] used a high speed camera
to record the impact behavior of water droplets on a hot aluminum
surface and estimated the heat exchange using a thermocouple
bonded to the disk underside. A droplet impact and boiling regime
map was constructed, which provided a foundation for the
research of droplet impingement and associated heat transfer.
Experimental studies have explored droplet dynamics and heat
transfer for single phase [6], nucleate boiling [7], transition boiling
[8] and film boiling scenarios [9].

Pasandideh-Fard et al. [10] considered the impact of water dro-
plets on a hot stainless steel surface through experiments and a
Volume-of-Fluid(VOF) model. They proposed a quantitative mea-
sure of droplet cooling, cooling effectiveness, relating the actual
heat transfer to the maximum possible heat transfer. A simple
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model was also developed to estimate the heat transfer during dro-
plet spreading by one-dimensional conduction across a boundary
layer. Strotos et al. [11] studied fluid flow and heat transfer during
droplet impingement. Using a VOF methodology they proposed an
expression to model the cooling effectiveness of an impacting dro-
plet based on the exact analytical solution of two contacting semi-
infinite media. Roisman [12] evaluated a similarity solution for a
spreading liquid film on a substrate which included mass, momen-
tum and energy to capture the flow and heat transfer of the system.
This solution was later applied to model the heat transfer to
impinging droplets and compared with experiments, showing
good agreement [7,13-15].

In recent years, high speed infrared (IR) thermography has
emerged as an effective, non-intrusive method to measure surface
temperature. Experimental measurements using thermography
yield significantly better spatial resolution and higher response
time compared with thermocouples embedded in a substrate. IR
imaging was employed to quantify the transient contact tempera-
ture during dropwise cooling on infrared-transparent substrates
[16]. Combining high-speed video and IR imaging, Shen et al.
[17] examined the hydrodynamics and near surface temperature
characteristics of water droplets impinging on smooth and nano-
structured surfaces. Dissipated energy during impact decreased
and evaporative cooling increased on the nano-structured surface
relative to smooth. Dunand et al. [18] measured the temperature
change of the rear face of a nickel sample using an IR camera to
estimate the wall heat flux during Leidenfrost droplet impact using
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Nomenclature

o thermal diffusivity

8, spreading ratio

q(t) heat flux

€ cooling effectiveness
Y liquid surface tension
t normalized time

P density

0 initial condition

air air property

do initial droplet condition
df final droplet condition
f droplet region
interface solid-liquid interface
max maximum spreading condition
r radial component

sil silicon property

w0 initial wall condition
w wall region

z vertical component
A(D) contact area

Cp specific heat capacity
D(t) droplet diameter

Dy initial droplet diameter

e thermal effusivity

fe cavity fraction

k thermal conductivity

Q heat transfer

r radial coordinate

t time

teontact ~ CoONtact time

tmax maximum spreading time
tosc oscillation period

U uncertainty

u velocity

v initial droplet velocity
We Weber number

z vertical coordinate

i similarity variable

v Laplace operator

0o contact angle on the smooth surface
Ocg Cassie-Baxter contact angle
Ey initial kinetic energy

Es surface energy

an inverse heat conduction model. They proposed that the heat
removed by evaporation is dominant for smaller droplets and that
heat transfer increases with increasing Weber number. Heat trans-
fer to bouncing droplets in the film boiling regime, where surface
wettability is less important, was similarly characterized by IR
imaging, and the heat transfer coefficient was found to be only
weakly dependent on the Weber number [19]. Chatzikyriakou
et al. [20] calculated the local heat flux during droplet impinge-
ment by measuring the droplet/wall interface temperature on an
IR-transparent wafer. Jung et al. [21] investigated the heat transfer
characteristics of impinging droplets on an IR-transparent heated
surface maintained at temperatures ranging from 176 to 375 °C.
Temporally and spatially resolved heat flux was obtained from
the thermal images and further used to detect the dynamic Leiden-
frost point.

Hydrophobic surfaces that are fabricated with micro/nano
structures become superhydrophobic (SH), with contact angles
greater than 120°. When liquid is in contact with a SH surface, pro-
vided the Cassie (non-wetting) state is maintained, it contacts only
the top of the micro- or nanostructures, with a large fraction of the
liquid in contact with trapped air in the cavity regions. When a
droplet impacts a SH surface complete rebound is usually achieved
due to a reduction in viscous losses at the underlying air pockets
[22,23]. Thus surface cavity fraction, defined as the ratio of the pro-
jected cavity area to the total surface area, plays an important role
in droplet/wall interactions [24]. Prior research has explored heat
transfer dynamics of droplets on SH surfaces, including dropwise
condensation [25,26], ice formation [27,28], droplet atomization
[29,30] and droplet evaporation [31,32]. It was demonstrated that
evaporation times of sessile droplets on SH surfaces increase with
substrate cavity fraction while overall heat transfer rates decrease
[31]. Other studies have shown reductions in heat transfer for lig-
uid flow through SH channels [33] and for jet impingement on SH
surfaces [34].

For droplet impingement on SH surfaces, shorter contact time
and reduced solid-liquid contact significantly alter the net heat
transfer. Rosengarten et al. [35] presented a preliminary investiga-
tion into the effect of superhydrophobicity on the heat transfer to
impinging droplets using IR thermography and found that the

overall cooling effect of impacting droplets is significantly reduced
on SH surfaces relative to hydrophilic surfaces. Shiri et al. [36] used
an IR camera to measure the surface temperature on a SH surface
after droplet detachment and performed scale analyses using a
simplified heat conduction model. They demonstrated that the
heat exchange between droplets and SH surfaces is much less than
on hydrophilic surfaces.

Previous measurements of heat transfer to impinging droplets
have generally used the temperature change of the impinged sub-
strate to infer the total energy change of the drop during the
impingement event. In this study, the bulk temperature change
of droplets over the course of the impingement event is directly
measured by IR imaging and is used to calculate the overall cooling
effectiveness. Further, we extend a previously verified theoretical
heat transfer model to account for the differing thermal and flow
dynamics on SH surfaces. Cavity fraction has an important effect
on droplet impact dynamics and the corresponding heat transfer,
which has not been quantified. Specifically, the influence of surface
cavity fraction, impact Weber number, and droplet size is revealed
in the experimental and model results. Experimental measure-
ments of overall heat transfer to bouncing droplets is compared
with theoretical results and good agreement is obtained.

2. Experimental methodology
2.1. Surface fabrication

SH surfaces used for the experiments were fabricated on pol-
ished silicon wafers with 500 pm thickness and 100 mm diameter.
Micro-posts were structured on the wafers through a standard
photolithography and etching process, as illustrated in Fig. 1(a).
After the processing steps, surfaces with a post height of 15
+1 pm and pitch of 16 +0.5 pm were obtained. Two post diame-
ters were considered, 12 £0.5 pm and 7 +£0.5 pum, yielding cavity
fractions (f.) of 0.56 and 0.85, respectively. To provide a baseline,
a smooth silicon wafer without posts was used (f. = 0). A chro-
mium layer with a nominal thickness 100 nm was deposited on
each silicon substrate to promote adhesion of a thin layer of Teflon,
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Fig. 1. (a) [llustration of the standard fabrication process steps to yield micro-posts on silicon wafers. (b) SEM image of smooth hydrophobic surface (left) and image of a
water droplet on the smooth hydrophobic surface (right). (c) SEM image of a micro-post structured surface (left) and image of a water droplet on the SH surface P16D07

(right).

which was subsequently applied through a spin coating process.
The Teflon solution was made by dissolving Teflon (4, 5-difluoro-
2,2-bis(trifluoromethyl)-1,3-dioxole) in FC-40. After spin coating,
the thickness of the Teflon layer was nominally 200 nm. The wafers
were then heated to 90 °C for 5 min, 165 °C for 5 min and 330 °C
for 20 min to provide robust adhesion. The combination of micro-
scale posts and a Teflon coating renders the surfaces superhy-
drophobic, which is often characterized by the static contact
angle. Using image processing techniques, the static contact angles
of ~ 5 pL water droplets on the fabricated surfaces were measured
to be 120 + 2° on the smooth hydrophobic surface, 140 + 1° on the
surface with posts of 12 pm diameter (P16D12), and 155 £ 1° on
the surface with posts of 7 pm diameter (P16D07). Representative
scanning electron microscope (SEM) images of the surfaces and
water droplets indicating static contact angles are shown in
Fig. 1(b) and (c).

2.2. Experimental procedure

Droplet impact experiments were conducted using the setup
illustrated in Fig. 2. Silicon wafers were attached to an aluminum
block, using thermal paste to minimize contact resistance, with
two 500 W cartridge heaters embedded. A thermocouple was
placed immediately below the silicon wafers, also embedded in

Syringe

Droplet
IR camera

®

Lamp

High-speed
camera

Surface

Heater
T

Fig. 2. Schematic of the setup for droplet impingement experiments.

the aluminum block. A high speed video camera (Photron SA4),
operating at 5,000 fps and a high speed infrared camera (FLIR
SC6100), operating at 800 fps were used to record the dynamic
process and corresponding temperature distribution through time.
The domain that was imaged using the high-speed video and IR
cameras corresponded to pixel arrays of 512 x 1024 pixels and
160 x 128 pixels, respectively. This yields spatial resolutions of

8.5 x 102 mm/pix (horizontal) and 4.3 x 10> mm/pix (vertical)
for the video camera and 2.7 x 10~ mm/pix (horizontal) and

3.4 x 1072 mm/pix (vertical) for the IR camera. The IR camera
was calibrated as follows. Water was heated in a well-stirred pool.
A K-type thermocouple was positioned 1 mm below the surface of
the pool and the top surface of the pool was imaged with the IR
camera. An emissivity value of € = 0.95 was input to the IR camera
to identically match the thermocouple and IR camera measure-
ments at a pool temperature of nominally 50 °C. Subsequently,
the pool temperature was gradually decreased and the IR camera
and thermocouple temperature measurements were recorded over
the entire cooling process. Over the entire temperature range from
20 to 50 °C, the difference between the thermocouple and IR cam-
era measurement was than +0.3 °C. A flat black surface of emissiv-
ity 0.94-098 was maintained at 50+ 1°C and used as a
background for the IR imaging. The temperature of the block was
carefully controlled using a Matlab program.

Deionized water droplets at room temperature were released
from a fine gauge needle. The initial height of droplets from the
wafers was adjusted to change the droplet impact velocity, vo.
The dimensionless Weber number is defined as We = p#2Dy/7,

where p = 998 kg/m’ and y = 0.072 N/m are the density and sur-
face tension of water, respectively. In the experiments, the temper-
ature change of the impacting droplet was less than 10 °C. This
gives rise to a negligibly small change in water surface tension.
Experiments were conducted at three Weber numbers (We = 20,
30 and 40), three droplet diameters (Dp = 2.0, 2.3, 2.9 mm) and
on the three surfaces described above, At least six trials were real-
ized and analyzed for each scenario to reduce the random error.

2.3. Droplet temperature measurement

Instantaneous temperature data from the IR camera was
processed in Matlab. Due to the surface curvature of droplets, the
apparent measured droplet temperature from the IR images
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exhibits artificially high (and consistent) temperatures near the
edges of the droplet. The emissivity of water droplets is essentially
constant from the normal direction to a Brewster angle of about
50°. Therefore, the central part of the droplet surface can be
approximated as Lambertian and the temperature values in the
center region accurately represent the temperature of the impact-
ing droplet [37]. A threshold range of nominally 23-45 °C was set
in the camera software to remove the hot background (50 °C) and
the underlying hot substrate (60 °C) from the IR images. This was
done to obtain better imaging of the droplet center. To reduce ran-
dom error, an average temperature was computed by averaging
over many pixels surrounding the center of the droplet. In all cases
the averaging was contained to a region that represented nomi-
nally the inner 20% of the imaged droplet. For the droplets of
diameter Dy = 2.3 mm this area corresponds to about 100 pixels
and the measured bulk droplet temperature was insensitive to
the number of pixels in the averaging domain provided the number
was larger than about 10-20 and smaller than about 200. When
the averaging domain was too large, curvature effects of the outer
region of the droplet introduce an artificial enhancement to the
measurement. This occurred when the size of the averaging area
was above nominally 50% of the imaged droplet.

A representative temperature variation of a droplet impacting
the surfaces is shown in Fig. 3. Before impact, the measured droplet
temperature remains constant and is defined as the initial droplet
temperature Tq4o. During contact the temperature initially rises as
the droplet spreads then falls as it retracts and detaches. After
detaching from the surface, there is a spike in temperature which
is an artifact of droplet distortion. The measured average temper-
ature continues to vary slightly with time as the drop moves verti-
cally and then falls back toward the surface. This variation is
caused by: (1) internal mixing in the droplet; and (2) distortion
of the droplet shape as it deforms. In all cases considered here,
as the droplet falls back to the surface the variation in temperature
is minimized as it has a very nearly spherical shape and the mixing
process is so rapid as to cause essentially uniform droplet temper-
ature. Thus, the final droplet temperature, Ty, is evaluated as the
average value of the droplet temperature just prior to the second
impingement event.

Due to the impact, deformation spreading, and retraction, con-
vection dominates the internal heat transfer. The time scale associ-
ated with convection scales as the droplet diameter normalized by
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Fig. 3. Temperature variation of an impinging droplet (D, = 2.3 mm) on the smooth
hydrophobic surface. The initial temperature of the surface is 80 °C and Weber
number is 20.

the impact speed, and for the We = 20 cases this yields a convec-
tive time scale of approximately 2.3 ms. Note that this value is
much lower than the time delay between initial and final images
from which the overall temperature difference of the droplet is
determined (approximately 50-60 ms).

At higher Weber numbers several small satellite drops are pre-
sent after the main droplet detaches. When this occurs the
weighted average of the fragment droplet temperatures and corre-
sponding mass ratios is calculated as the effective Ty;. The overall
cooling effectiveness is defined as the ratio of the actual heat trans-
fer to the droplet to the maximum heat that could be transferred
[10]. Accordingly, the experimental cooling effectiveness in this
study is calculated as £ = (Tar — Ta0)/(Two — Tao)-

2.4. Uncertainty analysis

The experimental uncertainties in this research primarily
involve measurement of the impact Weber number and the overall
cooling effectiveness. The initial diameter of the droplets is mea-
sured using a Matlab image analysis program. The accuracy of
the initial drop diameter is =0.2 mm. The impact velocity was
changed by adjusting the droplet release height, H. Measurement
of H has an error of £0.5 mm. The experimental Weber number
is calculated as We = 2gHD,p/y, where g is the acceleration of
gravity. Therefore the uncertainty of Weber number is estimated
as [38]

U\ (Up,\?
() () @
which ranges from ~ 1.9% to ~ 3.2% in this study.

The droplet temperature was measured as explained above and
calculated by processing the thermal images. Due to the uncer-
tainty of the emissivity and the accuracy of processing method,
the measured temperature of the droplets before and after
impingement has an error of +0.5 °C for each trial. The wall tem-
perature was measured by a thermocouple with a measurement
error of +0.2 °C. The uncertainty of the experimental cooling effec-
tiveness for a single trial can be evaluated as

= (L)z + ( Urwﬂ )2 + ( UTdn _ UTdD )2
Tar — Tao Two — Tao Tar —Tao Two—Tao/
(2)

For each scenario, six trials are performed to reduce the uncertainty
and an average cooling effectiveness is computed. The uncertainty
is smallest for the scenario where the initial temperature difference
between the droplet and surface is greatest and the measured tem-
perature change of the droplet is greatest, according to Eq. (2). For
an impacting droplet, the measured temperature change is clearer
for smaller droplet diameter, higher substrate temperature, and
higher Weber number. For We = 20,Dy = 2.9 mm and T; = 50 °C,
the uncertainty value is highest at 26.5%. For We = 40,D, = 2.0
mm and T; = 90 °C, the uncertainty value is lowest at 3.4%. Thus,
|U./€| has a range of ~ 3.4% to ~ 26.5%, depending on the specific
experimental parameters.

UWe
We

U,
€

3. Theoretical analysis
3.1. Contact area approximation

To calculate the liquid contact area with the underlying surface,
the temporal spreading diameter of the droplet D(t) is needed. The
spreading ratio fA(t) = D(t)/Dy is usually used to express the
spreading and retraction of the droplet. Considering the free-slip
scenario on SH surfaces, it is reported that the initial surface energy
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and about half of the initial kinetic energy are transformed into the
final surface energy [39]. The initial surface energy of the droplet
before impact is Eso = 7Dy, and the initial kinetic energy is
Ex = ll—znngvﬁ. The interfacial energy of the droplet at maximum
spreading is Es max = %nDﬁm(l — cos fcp)y. Solving the energy equa-
tion Eso + 1 Ex = Esmax, the maximum spreading ratio is expressed
as

4 1
e = \/—1 —osi (2t 1). 3)

The Cassie-Baxter contact angle of droplets on the SH surfaces
can be predicted as cosOc = (1—f.)cosby+f.cos180° =
(1-f.)cos0 —1, where 6, is the contact angle on a smooth
hydrophobic surface [40]. Previous research indicates that the con-

tact time between the droplet and a SH surface scales as /pr3/y,
which is independent of Weber number [23]. For the Leidenfrost
droplets where the contact angle is assumed as 0cg = 180°, the con-
tact time is about tosc = 74/ prd /2y, which is the lowest-order oscil-

lation period [4]. To express the effect of the contact angle, the
contact time of bouncing droplets on SH surfaces is approximated
as [41]

b pD}
tcontatt = m—— et
2/2(1 —cosbe) YV 7

The time of maximum spread, tmax, Of Leidenfrost droplets is
reported to behave approximately as to/3 with little difference
between the liquids [42,43]. Therefore, in this paper the spreading
ratio is approximated as

BO) =2 B 1 -

tCOIltﬂ. ct

(4)

t 2

(5)

thl’ltdCt

Then the contact area between the bouncing droplet and the under-
lying surface is A(t) = 1 D3 p(t)’

3.2. Heat flux solution

For single phase impact of droplets on solid surfaces, the
axisymmetric flow field inside the impacting droplet can be
approximately defined as an inviscid flow, which is defined as
[14,12,44]

T )

Ur = r

-~ =

A thermal energy balance in the droplet yields

% +uVT; — a;V>T¢ = 0. (7)

Using the velocity profile (6), the energy equation in (7) can be sim-
plified as

aTy 2z T; Ty

otz Yaz = )

Introducing the similarity variable # = —2—, an ordinary differential

N
equation for the temperature field Ty = T¢() is derived as
T{ +59T; = 0. (9)

Initial and boundary conditions are

Tf = Tinterfam at n= O; Tf = TdD at y — oco. (10)

The similarity solution of the above equations is

V5z )
2/t '
Using Fourier's law, the heat flux at the liquid/solid interface is cal-
culated as

v T
qr(t) = ke o

Tf (Zy t) = Tinterface + (TdO - Tinterface)erf( (1 1)

off _ \/gef(Tinterface - TdO)
az|,_, vt ’
where e; = \/k;p;cp is the thermal effusivity of the water droplets.
The transient heat conduction in the semi-infinite solid wall
during droplet impact is expressed as
iy, &Ta
at W oz2
with initial and boundary conditions

(12)

-0, (13)

Ty = Tinterface At Z= 0; Ty=Tw at z— —oco. (14)

Solving (12) subject to (13), the heat flux at the solid/liquid inter-
face is

4 dTw

q ’(f) = k — eW(TWU 7 Tinterface)

v H z=0 a \/ﬁ ,
where e,, is the thermal effusivity of the wall. Using the relationship

(15)

"

"
between the heat fluxes at the interface q;(t) = q,,(t), the interface
temperature is derived as

V5e:Tao + ewTwo

Tinterface = W . (16)
f W

Then the heat flux to the droplet at the interface is expressed as

q {(’t) _ V5erew(Two — Tao)
! (\/59{ + Ew)\/ﬁf '

For droplet impact on SH surfaces, the solid surface is treated as a
composite wall with silicon posts and air, of which the effective
thermal effusivity is e, = \/kwp,Cpw- Using the thermal resistance
approach, the thermal conductivity of the composite wall is calcu-
lated as ky = ksi(1 — f.) + kaif .. Additionally, the volumetric speci-
fic heat capacity of the wall can be approximated as
PuCow = PsitCpsit(1 — f¢) + PaicCpaief . [4546]. Table 1 summarizes
the thermophysical properties of materials used in this study.

We note here the contact time is the most important time scale
in calculating the total heat exchange between the impinging drop
and the substrate. As has been show previously, heat transfer
mainly occurs during the droplet spreading stage, while it
decreases with time [10,13]. While the droplet is spreading the
transport is dominated by unsteady stagnation conditions (i.e.
decreasing impact velocity with time). Here the wall transfers heat
to the droplet following classical stagnation point flow behavior.
Once the drop has spread to its maximum radius, the rim of the
drop starts to recede. However, the core of the drop is continuing
its outward motion and the rim moves inward as a free-surface
wave. During the retraction phase the amount of heat transfer is
greatly reduced due to 1) the drop is now moving back inward over
already cooled solid surface; 2) the bottom portion of the drop
(thermal penetration distance) has already been heated during
the spreading phase. In this study we have simplified the analysis

(17)

Table 1

Thermophysical properties of materials.
Properties Water (f) Silicon (sil) Air (air)
p (kg/m) 998 2329 129
cp (J/kg K) 4200 700 1006
k(W/m K) 0.6 120 0.026
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to make it tractable by assuming in the thermal transport model
that stagnation point flow dynamics prevail within the droplet
over the entire contact time.

3.3. Cooling effectiveness calculation

To express the heat transfer capacity to an impinging droplet,
the dimensionless cooling effectiveness & = Q/mcp¢(Two — Tao) is
calculated theoretically [10]. For droplet impingement, the time

is usually normalized as t = tv/Do, and thus the normalized con-
tact time is

_ lcontact _ v We
Do/vo  2./2(1—cosh)

The total heat transfer to the bouncing droplet during the contact
period can be calculated as

tmnta ct

(18)

Finally, the defined cooling effectiveness of a bouncing droplet is
expressed as

N 2
3 fomar\/Bece 27, it i " by .
t=sprc | O (1)) ([
0PeCpf Jo (\/ger + ew) v it Leontact Leontact 140

(20)

4. Results and discussion
4.1. Visualization of impinging droplets

Image sequences of impinging droplets, with initial diameter
Do = 23 mm, on a smooth hydrophobic and each SH surface,
P16D12 and P16D07, recorded by the high-speed video and IR
camera are shown in Fig. 4(a), (b), and (c), respectively. Images

tcantact Eeantact are shown at seven times during the impingement process, starting
Q= / g1 (DALt = f qf;,:(f) A(t)Dy/ vodt (19) at impact and moving through to droplet detachment. The surface
0 0 temperature is 60 °C and the Weber number is 20. Note that the
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Fig. 4. Image sequence of bouncing droplets of Dy = 2.3 mm on (a) the smooth hydrophobic surface, (b) the SH surfaces P16D12, and (c) the SH surfaces P16D07. The initial

temperature of the surfaces is 60° and the Weber number is 20.
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Fig. 5. Droplet spreading ratio as a function of normalized time. The influence of
droplet diameter Dy, cavity fraction f,, and Weber number We is shown in panel a,
b, and c, respectively.

time stamps for the IR and visible images do not exactly corre-
spond due to the differing frame rates of the instruments. It is
observed that the droplets bounce off all three surfaces after the
spreading and retraction stages. The total contact time of the
impacting drops is shorter on the surface with a higher cavity frac-
tion. On these surfaces the droplet retracts more quickly because
the friction resistance between the droplet and the underlying
substrate is less and the contact angle is higher. Corresponding
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Fig. 6. Heat flux to an impinging droplet as a function of time. The influence of
droplet diameter Dy, cavity fraction f,, and Weber number We is shown in panel a,
b, and c, respectively.

thermal images provide temporally and spatially resolved temper-
ature information for the exterior surface of the droplet. It can be
qualitatively judged that the droplet is heated by the underlying
surface and the heat is accumulated in the droplet during the con-
tact period, as the droplet is filled with brighter colors. To quantify
the heat transfer to droplets and the effect of parameters, theoret-
ical predictions are presented and further compared with experi-
mental results.
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4.2. Theoretical predictions

The effect of initial droplet diameter Dy, cavity fraction f., and
Weber number We on the variation of the droplet spreading ratio
with time is shown in Fig. 5. In Fig. 5a the cavity fraction is held
constant at f. = 0.85 and the Weber number is held at 20 while
the droplet diameter is varied from 2.0 mm to 2.9 mm. Similarly,
in Fig. 5b the droplet diameter and Weber number are held con-
stant while f_ varies and in Fig. 5¢ We is varied while the other
two parameters remain constant. Note the maximum value of
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Fig. 8. Comparison of current model with previous simulations. In (a), the present
predictions are shown by lines and the results of Pasandideh-Fard et al. [10] are
shown by markers. In (b), the present predictions are shown by a solid line and the
prior VOF results of Strotos et al. [13] are shown with the dashed line.

the spreading ratio does not change with D, due to the normaliza-
tion. The theoretical maximum spread diameter does, however,
decrease with increasing f.. This is due to the increasing Cassie-
Baxter contact angle that appears in Eq. (3), which is manifest as
an increasing interfacial surface tension energy. Conversely, B.x
increases with increasing We, due to the increasing initial kinetic
energy. In addition to the spreading ratio, the variation in total
contact time is also reflected in the panels of Fig. 5. The model pre-
dictions show a contact time that is independent of We, but
increases with increasing Dy and decreases with increasing f.

Also shown in the panels of Fig. 5 are results derived from the
high speed video imaging. Here the experimental spreading ratios
are shown with symbols and data were acquired at the same
parameter values as the model predictions. In general, the experi-
mental data show similar g vs. time trends. However, for all cases
the maximum value of $ is smaller for the experiments and the
spreading and retraction times are longer. This occurs because
the model neglects viscous losses. Thus, the actual distance the
droplet spreads and the rate of spreading/retraction are lower for
the experimental data.

The effect of Dy, f., and We on the variation of heat flux with
time from the model is illustrated in Fig. 6, where predictions are
shown for the same scenarios as shown in Fig. 5. For all scenarios,
the initial temperature difference between the droplet and the wall
is 40 °C. The heat flux decreases with time due to the increasing
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thermal diffusion length inside both the droplet and the wall.
Because the velocity profile assumed is independent of droplet size
and impact velocity, the predicted heat flux does not change with
variations in either Dy and We. In previous numerical simulations,
the impact velocity was shown to only weakly affect the heat flux
[10,19]. The heat flux decreases with surface cavity fraction,
because the increasing fraction of the surface that is covered by
air-filled cavities leads to a reduced thermal diffusivity at the com-
posite wall.

Predictions of the overall cooling effectiveness, €, and its depen-
dence on Dy, f,, and We is now considered. € is shown in Fig. 7 as a
function of the normalized time in three panels, with f,, We, and D,
values varied in the same manner as Fig. 5. Also shown in the pan-
els are the normalized times when the droplet has reached maxi-
mum expansion. For all cases the cooling effectiveness increases
with time as thermal energy is transferred to the droplet during
the spreading/retraction process. Note that greater than 90% of
the thermal transport to the droplet occurs during the expansion
process. € increases with increasing We due to both increasing fluid
speed and increased total contact area. However, the predictions
shown in panel b reveal a marked decrease in € with increasing
f.. This is caused by a reduction in the heat flux due to: 1) smaller
total droplet contact time with the surface (i.e. panel b of Fig. 5);
and 2) the increased thermal resistance caused by air-filled cavities
on the surface. For a droplet with a larger diameter, the droplet
mass increase is more significant, resulting in lower cooling
effectiveness.
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Fig. 10. Comparison of theoretical (lines) and experimental (markers) values of the
total cooling effectiveness € as a function of f. in (a), and as a function of Dy in (b).

The current cooling effectiveness model predictions are com-
pared to prior VOF model results from Pasandideh-Fard et al.
[10] for a surface that was not superhydrophobic in Fig. 8(a). The
prior VOF results are shown as symbols at four conditions as
shown in the figure legend. These results are only available at
the condition of maximum spreading, determined to be i = 8/3
in [10]. At this time, the calculated cooling effectiveness from the
current model shows good agreement with the VOF simulations.
An overestimate of the maximum spreading time can be seen in
the model in Fig. 5. This corresponds to each of the points in the
VOF model being shifted to the right in Fig. 8(a), resulting in all
cooling effectiveness estimates being overestimates, due to the
enhanced spreading from the inviscid assumption.

Results from the current model are also compared to the varia-
tion in cooling effectiveness with time as predicted by Strotos et al.
[13], who also employed the VOF method. This comparison is
shown in Fig. 8(b). Note that in both prior VOF models considered,
the droplets do not rebound from the stainless steel substrates
since the surface is hydrophilic, although a slight retraction does
occur. The comparison of the present analytical model results with
the two prior VOF models reveal similar results when determining
the overall cooling effectiveness. Seen from Fig. 8(b), the current
model has similar predictions but the values are lower at the
spread stage, concomitant with the slower initial spreading seen
in Fig. 5, then greater where spreading is overestimated. Then
the cooling effectiveness tends to be constant with the further
increase of time. This is caused by the reduced contact area
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between the smooth hydrophobic surface and bouncing droplets at
the retraction stage, which is quite different from that on a hydro-
philic substrate as presented in [13].

4.3. Theoretical and experimental heat transfer

Values of the total cooling effectiveness derived from the theo-
retical model and the experimental measurements are compared
in Figs. 9 and 10. Here € is determined after the droplet has
rebounded from the surface for the experiments and after the
retraction process for the theoretical model. Solid lines represent
the theoretical predictions and experimental results are repre-
sented with symbols. The data of Fig. 9 correspond to conditions
with a fixed droplet size of Dg = 2.3 mm. Fig. 9(a) provides € as a
function of cavity fraction at three impingement Weber numbers
and Fig. 9(b) shows € as a function of Weber number for three cav-
ity fractions.

As expected, the data reveal that the cooling effectiveness
decreases with cavity fraction, due to the existence of the insulat-
ing trapped air in the cavity regions. At cavity fractions less than
0.8, € decreases approximately linearly with increasing f,, where
at high cavity fractions the decrease in € is much more dramatic.
Increasing We also yields an increase in € due to increased droplet
spreading and fluid speed. The increased spreading diameter
increases the interfacial contact between the liquid and the solid
surface and the increased speed increases the convection, espe-
cially important near the stagnation zone.

At lower cavity fraction, f. = 0 and 0.56, the experiments and
theoretical model results show very good agreement. However,
at f. = 0.85, the model under predicts the cooling effectiveness of
the experiments, although the general trends remain similar. High
speed imaging of the droplet viewed from above reveals that local-
ized wetting (penetration into the cavities) occurs near the stagna-
tion point on the higher cavity fraction surface and this region
increases with increasing Weber number. In the wetting region
the surface contact area increases and this is likely the cause for
the increase in € in the experiments.

For completeness, the influence of droplet diameter is shown in
Fig. 10, where model and experimental results are shown in Fig. 10
(a) (e vs. f.) and Fig. 10(b) (€ vs. Dy). Again, the model and exper-
imental results have similar trends and for f. = 0 and 0.56 the
agreement is very good. The increase in cooling effectiveness at
f. = 0.85 likely occurs because of the wetting phenomenon pro-
posed above. When smaller droplets impact the surface, the cool-
ing effectiveness is larger due to the decreased thermal
capacitance of small droplets.

5. Conclusions

Heat transfer to bouncing liquid droplets on superhydrophobic
surfaces was studied in this paper. EXxperiments were performed
using a combination of high speed and IR imaging to capture the
droplet impact dynamics and corresponding heat transfer process.
Further, a similarity solution model was employed to predict the
instantaneous heat flux at the interface (and total heat transfer
to the droplet) based on an assumed inviscid flow inside the dro-
plet. Fluid convection has been taken into account in the model,
which enhances the heat flux compared with a simplified model
of transient heat conduction between two semi-infinite bodies. In
the model, the superhydrophobic surface is treated as a composite
wall of solid posts and air. Approximations of instantaneous dro-
plet spreading diameter and total contact time are utilized in the
model. The heat flux decreases with time and as the surface cavity
fraction is increased, while the droplet diameter and impact veloc-
ity have smaller influence. The total heat transferred to a droplet

during the impact, spreading, and retraction events is calculated
to yield an overall theoretical cooling effectiveness. Thermal imag-
ing allows measurement of the bulk temperature change of
impinging droplets and thus an experimental cooling effectiveness
was also determined. The cooling effectiveness increases with
increasing Weber number but decreases with increasing droplet
diameter and surface cavity fraction. The decrease in heat transfer
as a function of the surface cavity fraction is an entirely new result
and the model and experimental results document the decrease for
Weber numbers in the range 20-40 and droplets ranging in diam-
eter from 2.0 mm to 2.9 mm. The model and experimental results
show the same qualitative trends and generally good agreement
in cooling effectiveness values.
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