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ABSTRACT

In this study, evaporation of sessile water droplets on hot micro-structured superhydrophobic surfaces is
experimentally and theoretically investigated. Water droplets of 4 pL are placed on micro-pillared silicon
substrates with the substrate temperature heated up to 120°C. A comprehensive thermal circuit model is
developed to analyze the effects of substrate roughness and substrate temperature on the sessile droplet
evaporation. For the first time, two components of heat and mass transfer, i.e., one from the droplet cap
surface and the other from the droplet base surface, during droplet evaporation are distinguished and
systematically studied. As such, the evaporation heat transfer rates from both the droplet cap surface and
the interstitial liquid-vapor interface between micropillars at the droplet base are calculated in various
conditions. For droplet evaporation on the heated substrates in the range of 40°C - 80°C, the predicted
droplet cap temperature matches well with the experimental results. During the constant contact radius
mode of droplet evaporation, the decrease of evaporation rate from the droplet base contributes most
to the continuously decreasing overall evaporation heat transfer rate, whereas the decrease of evapora-
tion rate from the droplet cap surface is dominant in the constant contact angle mode. The influence of
internal fluid flow is considered for droplet evaporation on substrates heated above 100°C, and an effec-
tive thermal conductivity is adopted as a correction factor to account for the effect of convection heat
transfer inside the droplet. Temperature differences between the droplet base and the substrate base are
estimated to be about 2°C, 5°C, 8°C, 13°C and 18°C for droplet evaporation on substrates heated at 40°C,
60°C, 80°C, 100°C, and 120°C, respectively, elucidating the delayed or depressed boiling of water droplets
on a heated rough surface due to evaporative cooling.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

and temperature [9,10], and the surrounding environment [11,12],
which deserve further investigation.

Evaporation of sessile liquid droplets is a ubiquitous phe-
nomenon in nature, which plays an important role in a variety of
applications, including inkjet printing [1], DNA mapping [2], spray
cooling [3], analyte enrichment/detection [4], and colloidal assem-
bly [5]. Yet, sessile droplet evaporation is a complex process con-
trolled by several interdependent factors, such as droplet contact
angle dynamics [6], contact line motion [7,8], substrate structures
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Since the seminal work of Picknett and Bexon in 1977 [13],
sessile droplet evaporation on smooth surfaces has been system-
atically studied and categorized with one of the three evapora-
tion modes: (1) constant contact radius (CCR) mode: the droplet
contact line is pinned with a constant contact radius while the
contact angle keeps decreasing; (2) constant contact angle (CCA)
mode: once the contact angle approaches the receding contact an-
gle, the contact line keeps receding with the contact angle un-
changed; (3) mixed mode: both the contact radius and contact an-
gle decrease near the end of evaporation [14]. In several recent
studies about droplet evaporation on structured superhydrophobic
surfaces, a special stick-slip behavior [15] was observed, in which
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radius of micropillar [pm]

radius of water/substrate layer in one unit cell
[um]

specific heat capacity of silicon []J/(kg-K)]
saturated vapor concentration [kg/m3]

specific heat capacity of water [J/(kg-K)]
diameter of micropillar [pm]

coefficient of vapor diffusion [m2/s]

the maximum diameter of the droplet cap [m]
coefficient of effective conductivity

height of micropillar [um]
convection heat transfer
[W/(m?-K)]

latent heat of water [Kk]/kg]
the first kind Bessel function with order of 0

the first kind Bessel function with order of 1
local evaporation mass flux [kg/(m?-s)]

effective conductivity of water [W/(m-K)]
thermal conductivity of silicon [W/(m-K)]
thermal conductivity of water [W/(m-K)]
thickness of silicon substrate [pm]

thickness of water layer [pm]

number of water layers in the upper hemisphere
of the droplet spherical cap

number of micropillars under the droplet base
order of Bessel function

periodicity of substrate [pum]

the first kind Legendre function

heat transfer rate from liquid-vapor interface at
droplet base in one unit cell [W]

convective heat transfer rate [W]

evaporation heat transfer rate from droplet cap
surface [W]

evaporation heat transfer rate of water droplet
(W]

heat transfer rate from the side surface water
layer [W]

heat transfer rate from substrate to droplet in
one unit cell [W]

radiative heat transfer rate [W]

energy transfer rate for bulk water temperature
increase [W]

heat transfer rate from substrate to droplet base
(W]

heat transfer rate in the water layer in one unit
cell [W]

relative humidity

thermal resistance of water layer [K/W]

thermal resistance of substrate [K/W]

radius of water droplet [pm]

radius of spherical cap droplet [pm]

surface of spherical cap [pm?]

average temperature of droplet base [K]

average temperature of solid-liquid interface [K]
droplet bulk temperature [K]

temperature of droplet cap surface [K]

contact temperature at the solid-liquid interface
(K]

droplet surface temperature tested by the IR
camera

temperature of control volume water layer [K]
lab ambient temperature [K]

coefficient of air

Tinodel average temperature calculated by the thermal
circuit model [K]

To initial temperature of droplet base [K]

T, top surface temperature of micropillar [K]

Tw uniform temperature of water layer in one unit
cell [K]

T ambient temperature [K]

% volume of water droplet

X total number of water layers

Greek symbols

o root of Bessel function

B toroidal coordinate

e emissivity of water

6 contact angle of water droplet [°]
0 density [kg/m3]

o Stefan-Boltzmann constant [kg/(s3-K#)]
T nondimensional evaporation time
Q the variable of integration

Q evaporation ratio

Abbreviations

CCA constant contact angle

CCR constant contact radius

DI deionized

IR infrared

SEM scanning electron microscope

the droplet contact line is moved by the pinning and depinning
forces alternately.

Several theoretical models have been proposed to predict the
evaporation rate of sessile droplets on various surfaces. In the clas-
sical work of Picknett and Bexon [13], the sessile droplet evapo-
ration at room temperature was assumed to be primarily driven
by vapor diffusion, ignoring the convection heat transfer inside
and outside the droplet. And the analytic evaporation rate could
be obtained based on an analogy between the concentration field
and the electrostatic field [16]. During the past two decades,
this diffusion-driven model has been widely applied in model-
ing the evaporation of sessile droplets with an arbitrary contact
angle in the CCR mode, or with a slipping contact line in the
CCA mode. The excellent agreement between the analytical evap-
oration rate and the experimental data confirms the validity of
the diffusion-driven model of sessile droplet evaporation, not only
on hydrophilic surfaces [17-19] but also on hydrophobic surfaces
[20,21].

However, when the diffusion-driven model was employed for
analyzing sessile droplet evaporation on non-wetting surfaces with
microstructures [22], especially on heated superhydrophobic sur-
faces, an overestimation of the evaporation rate was observed by
Garimalla [23,24], Aldhaleai [25] and Bussonniere [26]. This devia-
tion from the analytically predicted evaporation rate should result
from evaporative cooling, giving rise to a temperature reduction on
the liquid-vapor interface, which is in contradiction to the pivotal
assumption made in the classical diffusion-driven model that the
temperature of the droplet surface is constant and the same as the
substrate temperature [17-19]. For instance, the maximum temper-
ature mismatch of ~20°C between the droplet surface and the sub-
strate was experimentally observed when the substrate was heated
at 70°C [27]. Furthermore, the applicability of the diffusion-driven
model might become even worse when the wetting states of a
droplet on micro-structured surfaces, i.e., the Cassie state or the
Wenzel state [28], are considered. For the evaporation of a sessile
droplet in the Cassie state, the existence of the air/vapor cushion
layer between the droplet base and the microstructures would lead
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to two different components of droplet evaporation, i.e., one from
the liquid-vapor interface at the droplet cap and the other from the
droplet base. However, the effect of this extra evaporative interface
at the droplet base on superhydrophobic surfaces was generally
disregarded in the majority of previous work [23,24,29]. Indeed, in
recent studies of Wang [30,31] and Kim [32], the non-negligible
evaporation flux through the vapor-liquid interface over the air
pockets has been experimentally confirmed on heated superhy-
drophobic surfaces, but these work mainly focused on the wet-
ting or dynamics of the evaporating droplet. Therefore, a system-
atic study about droplet evaporation on heated micro-structured
surfaces by considering the comprehensive effects of both the dis-
continuous liquid-vapor interfaces at the droplet base and the con-
tinuous liquid-vapor interface at the droplet cap is entailed.

In this paper, the evaporation of water droplets on hot micro-
structured superhydrophobic substrates is experimentally and the-
oretically investigated. First, a water microdroplet was placed on
the superhydrophobic substrates heated at 40°C - 80°C. The droplet
evaporated in the Cassie state during most of its evaporation time,
and then transited to the Wenzel state at the very end of evapora-
tion. Based on a comprehensive thermal resistance analysis, a ther-
mal circuit model was developed to predict the droplet cap surface
temperature and to calculate the evaporation heat transfer rates
from the droplet cap surface and the base surface, respectively.
Then, the substrate was further heated from 80°C to 120°C until an
additional small increase of the substrate temperature would oth-
erwise lead to the boiling of the droplet. As such, an effective ther-
mal conductivity was adopted as a correction factor to account for
the effect of convection heat transfer inside the water droplet. The
average temperature of the droplet base surface was calculated and
then the temperature difference between the droplet base and the
substrate base was obtained, manifested as the depressed or de-
layed boiling of droplets on the superheated substrates. This study
could deepen our understanding of droplet evaporation on hot
micro-structured surfaces and potentially provide us better control
of sessile droplet evaporation on non-wetting surfaces.

2. Experimental methodology
2.1. Substrates with micropillars

Micropillared silicon substrates were fabricated by standard
contact photolithography process and deep reactive ion etching
method [4]. Three kinds of substrates of 500 pm thick and textured
with cylindrical micropillar arrays with varying micropillar period-
icity (P) were fabricated in this study. The geometry information
of the sample substrates is listed in Table 1 and the scanning elec-
tron microscope (SEM) image of one sample substrate is shown in
Fig. 1(a). All the substrates were conformally coated with silane
(Trichloro (1H,1H,2H,2H-per fluorooctyl)-silane, Sigma-Aldrich) us-
ing standard chemical vapor deposition process for superhydropho-
bicity enhancement [33]. Then the substrates were baked on a hot
plate at 100°C for 60 min. Water droplet exhibits a contact angle
of 155° £2° on thus-prepared substrates. To mitigate the sample
edge effect on the droplet evaporation process, substrate samples
were cut into square pieces with the dimension of 2 cm x 2 cm

Table 1
Micropillar diameter, periodicity and height on the sample substrates.
Micropillar Micropillar Micropillar
Substrate diameter D (um) periodicity P (um) height H (um)
Sample 1 20 40 40
Sample 2 20 50 40
Sample 3 20 60 40
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and water droplets were deposited at the center of each piece for
evaporation study.

2.2. Experimental setup

The schematic of the experimental setup is shown in Fig. 1(b).
In this study, deionized (DI) water (Type 1, >18 M cm resistiv-
ity) was used as the liquid. A DI water droplet of 4 +£ 0.1 uL was
generated by a syringe pump (EW-74905, Cole-Parmer) through a
FISNAR dispense tip with 0.15 mm internal diameter and 0.30 mm
external diameter. Then the water droplet was gently dispensed on
the center of the micro-structured substrate for evaporation study.
At least five trials were carried out for each droplet evaporation
experiment to ensure the repeatability of the evaporation measure-
ments. Because of the small volume, the shape of the sessile water
droplet resembled a spherical cap. The substrate was intimately af-
fixed on a hot plate by double-side copper tape and a K-type ther-
mocouple with +0.5°C uncertainty was used to measure the sur-
face temperature of the substrate during the experiment. The base
temperature of the substrate was maintained at a constant level
on the hot plate ranging from 40°C to 120°C, beyond which even
a small temperature increase would otherwise lead to the onset of
boiling of the sessile droplet. Two cameras parallel and normal to
the substrate were used to record the evaporation process of the
droplets. An infrared (IR) camera (FLIR A655sc) was fixed above
the droplet and normal to the substrate to measure the surface
temperature evolution of the droplet cap. The detailed calibration
process of the IR camera is given in the supplementary materials.
A water droplet sitting on the superhydrophobic substrate exhibits
a large contact angle and only the upper hemispherical surface of
the droplet cap can be focused by the IR camera. Regardless of the
influence of droplet internal flow on its surface temperature distri-
bution, the temperature measured by the IR camera was taken as
the average surface temperature of the upper hemispherical cap of
the droplet. Aligned in parallel to the substrate, a high-speed CCD
camera mated with an optical tensiometer (Theta Lite, OneAtten-
sion Corporation) was used to capture the images of the evapo-
rating droplet. The droplet shape was assumed to be axisymmet-
ric. Based on the captured snapshots, the water droplet was verti-
cally divided into multiple layers and the local height and diameter
of each water layer were obtained by image processing. Then, the
droplet volume was calculated by integrating the volume of each
discrete layer. With the snapshots obtained by the high-speed cam-
era, the transient droplet volume, contact angle, contact radius and
droplet height were collected for subsequent analysis. During the
experiment, the ambient temperature and relative humidity were
maintained at Tj,, = 23 +2°C and Ry, = 35 =+ 5%, respectively.

3. Analytical methodology
3.1. Wetting state

Water droplets can exhibit different wetting states on the
micro-structured substrate during the evaporation. Specific
air/vapor pockets underneath the droplet were observed dur-
ing the majority period of the evaporation, indicating that the
droplet was at least partially in the Cassie state. At the very end
of the evaporation, water was observed to completely fill the
interstitial spacing underneath the droplet and the droplet was in
the Wenzel state during this period. The snapshots of the water
droplet during evaporation are shown in Fig. 2. Though the droplet
exhibited two distinct wetting states during evaporation, the
droplet stayed in the Cassie state during most of the evaporation
process. In this work, we focus on the evaporation process of
the droplet in the Cassie state and the thermal circuit model
developed by us is based on the Cassie droplet.
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Fig. 1. (a) Scanning electron micrograph of the sample substrate with regularly patterned micropillars for droplet evaporation study. (b) Schematic diagram of the experi-
mental setup including IR camera, sample substrate decorated with micropillars, hot plate, thermocouple, light source, and a high-speed CCD camera mated to an optical

tensiometer.
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Fig. 2. Snapshots of the evaporation process of a 4 pL water droplet on sample 1 at 80°C. The air pockets under the droplet base during 0 - 150 s indicate that the droplet
was in the Cassie state. Cassie to Wenzel transition occurred between 150 s and 152 s as evidenced by the disappearance of air pockets after 152 s. 0 is the apparent contact

angle of droplet on a rough surface.

3.2. Energy balance model

When a droplet is deposited on the hot substrate surface, heat
transfers from the hot substrate through the micropillars into the
sessile droplet due to the temperature difference between them as
shown in Fig. 3(a). This heat transfer process results in the temper-
ature increase inside the droplet and accelerate the heat and mass
transfer between the droplet and the ambient air. The energy bal-
ance of the evaporating sessile droplet is given by:

qs = Qrise T qconv + qrad + evap (1)

where ¢s is the overall heat transfer rate from the substrate to
the droplet, g, accounts for the sensible heat required for the
temperature increase within the bulk water, qcony is the convec-
tive heat transfer rate between the water droplet and the ambient,
Graq is the radiation heat transfer rate from the droplet surface to
the ambient, and gevap is the evaporation heat transfer rate. So, we
have:

ATy

Qrise = prwv

Graa = €0S(Tp — T (3)

(conv = hconvS(Tcap -T.) (4)
dv

(Jevap = hfgpwE (5)

where cw, pw, Teap, Ty V and hg are the specific heat capac-

ity, density, droplet cap surface temperature, droplet bulk temper-
ature, volume and latent heat of the water droplet, respectively; &
is the emissivity of the water droplet surface and o is the Stefan-
Boltzmann constant; S is the liquid-vapor interface area and hcony
is the natural convection heat transfer coefficient of the ambient
air.

Because of the high efficiency of phase change heat trans-
fer, the evaporation heat transfer rate gevap is dominant over the
other heat transfer modes. Thus, the overall heat transfer from the
substrate to the water droplet can be estimated as the heat re-
leased from the droplet surface to the ambient by evaporation [34].
Therefore, the energy balance of the sessile droplet can be rewrit-
ten as:

qs ~ (evap (6)
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Fig. 3. (a) Diagram of droplet evaporation on a hot micro-structured superhydrophobic subface. (b) Diagram of heat transfer from a micropillar unit into droplet base surface.
(c) Diagram of heat transfer through the sessile water droplet. The upper hemispherical cap is the top portion above the maximum diameter D, of the droplet cap. The IR
camera above a sessile droplet can only detect the temperature distribution on the upper hemispherical surface.

3.3. Average temperature of droplet base surface

In section 3.2, by analyzing the energy balance of a water
droplet during evaporation, we found that the heat transfer rate
from the substrate gs can be estimated by the evaporative heat
transfer rate gevap. Because of the periodicity of the micropillar
array, the heat transfer process in one micropillar cell as illus-
trated in Fig. 3(b) can be representative of the heat transfer process
between the droplet base and the substrate micropillars [30,35].
Thus, we focus on the heat transfer from one micropillar cell into
the droplet base and the heat transfer rate in one unit cell is cal-
culated as:

_ % _ Qevap (7)

dp N N

where N is the total number of the micropillars underneath the
droplet, i.e., the ratio of the droplet apparent contact area to one
unit cell area.

A unit of the micropillar cell consists of one micropillar and the
air pocket around it. In general, heat transfer from both the silicon
micropillar and the vapor pocket surrounding it should be consid-
ered. However, the thermal resistance of the vapor layer is much
larger than that of the silicon micropillar due to the order of mag-
nitude difference in the thermal conductivities of silicon micropil-
lars (100 W-m~1.K-1) [30] and water vapor (0.025 W-m~1.K-1)
[31]. Therefore, it is reasonable to assume that heat primarily con-
ducts from the micropillar to the water droplet while the vapor-
solid interface of the air pocket can be regarded as adiabatic. The
thermal resistance per unit cell of the silicon substrate can be cal-
culated as:

e s 4H
s ksiPZ ksiﬂDz

(8)

where k; is the thermal conductivity of silicon and [ is the thick-
ness of the silicon substrate, excluding the micropillar height.

The effects of droplet internal flow are not significant for
droplet evaporation on a relatively low temperature substrate, i.e.,
< 80°C. The characteristic fluid velocity in a 3 pL water droplet
evaporating on a 60°C substrate is about tens microns per second
and the Peclet number is less than 1 [23]. Thus, it is reasonable
to consider just the conduction heat transfer while neglecting the
internal convection of the water droplet on a substrate with a rel-
atively low temperature. The time scale for heat conduction in the

droplet is on the order of "%Vf:ixc‘” ~ 0.01s [36], where ry, is the ra-

dius of the droplet. The total evaporation time of the droplet on
the substrate is on the order of 100 s. The ratio of the time scale

for heat conduction to that of evaporation is about 0.0001, imply-
ing that the conductive heat transfer process may be considered as
quasi steady.

To estimate the temperature distribution near the liquid-solid
interface, i.e., at the tip of the micropillar in contact with the
droplet base, a thin water layer with a thickness of I, atop a unit
cell (Fig. 3b) is considered. The conductive heat transfer equation
for the water layer therein is:

0°T 10T  9°T
wtrar ez
where T denotes the temperature of the water film.

Due to the relatively small size of the micropillar, the heat flux
across the liquid-solid (tip) interface and the liquid-vapor interface
in a unit cell could be assumed to be uniform. As a result, we have
the first boundary condition:

e
0T | ma?
5

=0 (9)

0 <r<a z=0

K (10)

a<r<»b z=0

b
7 (b2 — a2)
where k,, is the thermal conductivity of water, a is the radius of
the micropillar, b is the radius of one unit cell [37], g, is the heat
transfer rate from the droplet base-vapor interface within one unit
cell as shown in Fig. 3(b).
Temperature inside the water layer is assumed to quickly be-
come uniform. Hence, a uniform temperature boundary could be
assumed at z = ly:

T(r;z2)=Ty, O<r<b z=ly (11)

Moreover, considering the periodicity of the unit cells, we assume
the adiabatic boundary between the chosen unit cell and its neigh-
boring cells inside the water layer. Thus, we obtain the following
adiabatic boundary condition:
oT
5 =
Solving the heat transfer equation Eq. (11) with the three
boundary conditions Eqs. (10)-(12), we obtain the temperature dis-
tribution inside the water layer as:

_ qp(lw—Z)((1—<p>) Zaqp(l @ >°°
Th(r,2) = Tw+ 7Tk b2 +7rkw 2tr_g ;

(o) ]

0 r=b; 0<z<l, (12)

sinh (% (1,, - 2))
cosh (‘%"lw)
(13)
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where ¢ is the evaporation ratio, i.e., the heat transfer across the
droplet base-vapor interface over the overall heat transfer from the
substrate to the droplet ¢ = q,,/qp. Here Jo(x) and J; (x) are the first
kind Bessel functions with orders of 0 and 1, respectively, o, is the
nth root of J; (x) = 0[38].

The temperature at the droplet base (z = 0) is calculated as:

(1-¢)\ , 2aqp (1 @ -
b2 )+nkw<a7+b2—a2)z
n=1

[ (oo o (o) /(@2 (o)) | tamh (1) (14)

Thus, the average temperature of the droplet base could be ob-
tained as:

_ qplw (
Tb(rv 0) =Ty + Tkw

- b 2Ty (r)dr

T, = % (15a)

. Lo 7(1—

To=Ty+ 2 (( b2<p)> (15b)
W

The average temperature of the liquid-solid (droplet base-
micropillar tip) interface at the droplet base could be estimated
as:

_ S5 2Ty (r)dr

T
b.p Ta2

(16a)

Typ =Ty

2aq, (1 ®
+{7tkw (a7+b2—a2)

e}

3
—_

[,g(gan)/(ag]g(an))]tanh(abnzw)}
(16b)

Considering the heat conduction in the silicon substrate, the
temperature on the tip of the micropillar could be calculated as:

Tp: s_@ (17)

The temperature at the liquid-solid (droplet base-micropillar
tip) interface can be approximated by the contact temperature
[39-41], so we have:

It V PukwCuTs + / psiksicsi T (18)
by =To =
g V PukuCu +/ psiksicsi

where p, ¢ and k are the density, specific heat and thermal con-
ductivity of water (w) and silicon (Si), respectively; T, is the initial
temperature or last iterative temperature (Section 3.5) of the water
droplet.

As tanh(%lw) ~ 1, the average temperature of the water
droplet base is given by:

en B (e ) S (e o] o0

n=1

3.4. Evaporation from droplet cap surface

For the sessile droplet evaporation at the relatively low tem-
perature (40°C - 80°C), we only considered the conduction heat
transfer in the bulk water and the internal convection process was
neglected as discussed before. Thus, we employed one-dimensional
heat conduction model to describe the heat transfer process inside
the droplet as shown in Fig. 3(c). The water droplet was discretized
into a series of thin layers (i = 1, ... X, where X is the total number
of water layers) parallel to the substrate. Here, temperatures at the
bottom surface (T;) and the top surface (T;,;) of the ith water layer
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are assumed to be laterally uniform, respectively. Then, in the ith
water layer, we have:
T =T—qui-R (20)

where R; = Anhrz is the thermal resistance of the ith water layer,
W

Ah is the thickness of each water layer, and r; is the radius of the
ith water layer.

Taking the ith layer as the control volume, heat transfer into the
ith water layer from the bottom surface (q,;) is balanced by the
heat transfer to the top surface (qyy,1) and the evaporation heat
transfer rate (qy;) from the side surface. Thus, the energy balance
in the ith water layer is:

Qw, i+1 = qw.i — q1,i (21)

where ¢q;; = Jmi(r) - hg - AS;, AS; is the side surface area of the ith
water layer, h, is the latent heat, and J;,, ;(r) is the local evapora-
tion mass flux.

Then we applied the diffusion-driven model to estimate the lo-
cal evaporation flux, which is the solution to the Laplace equation
based on Fick’s law of vapor diffusion around the droplet. Hence,
the exact solution of the local evaporation mass flux is given by
[19]:

né + /2 (cosh B + cos 0)*?

Jn(r) = 2ales (@) = Rucs(Too)] [1 !

re i
% cosh(w)

f

o cosh(ww) tan[(r - 0)w] - P s5ip(cosh Bw - dw]

(22)

where T, is approximated to be the temperature at the side sur-
face, ¢s is the saturated vapor concentration, Dy is the diffusion
coefficient of vapor, Ry, is the relative humidity, 6 is the apparent
contact angle of droplet, 8 is the toroidal coordinate uniquely re-
lated to the cylindrical coordinate r on the cap surface, w is the
variable of integration, and P_g5,;,(x) is the Legendre function of
the first kind.

The evaporation heat transfer rate from the droplet cap surface
is calculated by integrating all the local evaporation heat transfer
rates:

X
de =) Qi (23)
i-1

The evaporation heat transfer rate from the droplet cap should
be the same as the heat transferred through the water droplet:

ge = (1 - ¢)qs (24)

As mentioned above, the temperature measured by the IR
camera can be taken as the average temperature of the upper
hemispherical surface as illustrated in Fig. 3(c). With the aver-
age droplet base temperature obtained, we can calculate the sur-
face temperature distribution based on the heat transfer equation
Eq. (20) for each of the discretized water layers. Thus, we can ap-
proximate the average temperature of the upper hemispherical sur-
face of the droplet as:

M

Todel = T - AS;/271y, (25)
i=1

where M is the number of discrete water layers in the upper hemi-

sphere of the droplet cap (here M < X), and r, is the radius of the

spherical cap.

3.5. Algorithm for calculating the surface temperature and
evaporation ratio

The algorithm for calculating the droplet surface temperature
and the evaporation ratio ¢ is shown in the flowchart of Fig. 4. The
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Fig. 4. Flowchart for calculating the droplet surface temperature and evaporation
ratio ¢, which is defined as the ratio of evaporation heat transfer rate from the
droplet base surface to the total heat transfer rate through a droplet.

base temperature of the substrate T; is measured by the thermo-
couple and the heat transfer rate from the substrate gs is obtained
by calculating the droplet volume decreasing rate based on Eq. (5).
An initial estimate of the evaporation ratio ¢ = 0.5 is used in the
boundary condition to solve the heat transfer equation Eq. (9) at
the droplet base. Then the temperature distribution at the droplet
base is calculated by Eq. (14) and consequently the average tem-
perature of the droplet base T, is obtained. The nonuniform sur-
face temperature distribution of the droplet cap is calculated based
on the one-dimensional heat conduction model inside the droplet
and the evaporation heat transfer rate g. from the droplet cap is
then obtained. The evaporation heat transfer rate from the droplet
cap should be the same as the heat transfer through the droplet
body from the droplet base and the value of ¢’ is then obtained
by Eq. (24) as the new evaporation ratio in the next iteration of
calculation. After the iteration loop achieves convergence, both the
stable evaporation ratio ¢ and the temperature distribution on the
droplet cap surface are obtained. With the temperature distribu-
tion on the droplet cap obtained, the average temperature of the
upper hemispherical surface of the droplet cap surface Tyode iS
calculated and compared with the experimental results for the val-
idation of our thermal circuit model.

It is not practical to directly measure or calculate the evapora-
tion heat transfer rate from the droplet base because of the com-
plex micro-pillared structures on the substrate. Thus, the evapora-
tion heat transfer rate from the droplet base is taken as the differ-
ence of the total evaporation heat transfer rate of the droplet and
the evaporation heat transfer rate from the droplet cap. The evapo-
ration heat transfer rate from the droplet cap is thus estimated by
the diffusion-driven model with the droplet surface temperature
gradient taken into consideration Eqs. 22 and (23). This evapora-
tion heat transfer rate estimation method can be validated by Glea-
son and Putnam’s work [42], in which they reported the droplet
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evaporation rate by the diffusion-driven model with the droplet
surface temperature distribution taken into account and the esti-
mation errors of this method were 1.84% and 2.83% for droplet
evaporation on a substrate at 50°C and 65°C, respectively. In this
study, experimental measurements or observations of the droplet
contact angle and contact radius evolutions are needed for the the-
oretical analysis and estimation of the evaporation heat transfer
rate from the droplet cap surface and that from the droplet base
surface.

4. Results and discussion
4.1. Droplet evaporation dynamics

The temporal evolutions of the droplet volume on the three
sample substrates heated at different temperatures are shown in
Fig. 5. In general, droplet volume decreases nonlinearly during the
evaporation. The total evaporation time decreases with the rise of
the substrate temperature. At the same substrate temperature, the
total evaporation time increases with the increasing micropillar pe-
riodicity. It can be seen in Fig. 5 that at each substrate temper-
ature, droplet evaporation has the longest total evaporation time
on sample 3 (60 pm periodicity) and has the shortest total evap-
oration time on sample 1 (40 um periodicity). The observed in-
creasing trend of total evaporation time can be ascribed to the en-
hanced thermal resistance between the droplet base and the sub-
strate, which is caused by the increase of the micropillar periodic-
ity with more air or vapor pockets. The total evaporation time of
a 4 pL water droplet on the three samples with varying base tem-
peratures is shown in Table 2.

The evolutions of droplet contact angle and nondimensional
contact radius with nondimensional evaporation time are shown
in Fig. 6. Here the nondimensional contact radius is defined as
the ratio of the contact radius to the initial contact radius, and
the nondimensional time is defined as the ratio of the evaporation
time to the total evaporation time. It can be seen from Fig. 6 that
the evolutions of droplet contact angle and nondimensional con-
tact radius are almost the same for droplet evaporation on each
sample with different substrate temperatures. For droplet evapo-
ration on sample 1 (Fig. 6a), the droplet contact angle continu-
ously decreased during the first 68% portion of the total evapora-
tion time while the contact radius remained unchanged, which was
in the constant contact radius (CCR) mode during droplet evap-
oration. After the contact angle reached the receding contact an-
gle, the contact angle stopped decreasing and was maintained at a
constant level while the contact radius started to decrease, which
was in the constant contact angle (CCA) mode of droplet evapo-
ration. The droplet evaporation was kept in the CCA mode till the
nondimensional time approached 0.9. Then, both the contact an-
gle and contact radius started decreasing, which was the mixed
mode for droplet evaporation. For droplet evaporation on the same

Table 2
Total evaporation time for a water droplet of 4 pL on micro-pillared substrates
with different base temperatures.

Substrate Substrate base temperature (°C)  Total evaporation time (s)
40 620.1 + 13.7
Sample 1 60 2933 + 9.6
80 156.8 + 10.6
40 627.1 + 7.6
Sample 2 60 3122 £ 6.5
80 177.1 £ 10.6
40 633.3 + 10.2
Sample 3 60 3223+ 7.7
80 184.1 +£ 129
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Fig. 5. Experimentally observed temporal evolution of water droplet volume on (a) sample 1, (b) sample 2, and (c) sample 3. The substrate of each device was heated to
40°C, 60°C and 80°C, respectively. The initial droplet volume was 4 pL.

sample with different substrate temperatures, the evaporation pro-
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Fig. 6. Experimental evolution of droplet contact angle and nondimensional contact
radius versus nondimensional time on (a) sample 1, (b) sample 2 and (c) sample 3.
Each substrate base was heated to 40°C, 60°C and 80°C, respectively.

surfaces [43]. During the CCR mode, the thermal resistance of the
droplet body decreases with the decreasing droplet volume. Mean-
while, the continuously shrinking droplet cap gets closer to the
substrate and thus the droplet cap temperature increases. During
the CCA mode, the contact area between the droplet base and the
substrate continuously decreases. As a result, less heat is trans-
ferred into the droplet, hindering the temperature increase of the
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and heated at 40°C, 60°C and 80°C, respectively. The solid lines represent the droplet cap surface temperature calculated by the thermal circuit model and the scatter dots
are the experimental results obtained by the IR camera. (d) Evolutions of droplet base temperature on sample 1, sample 2 and sample 3 with the substrate heated at 40°C,

60°C and 80°C, respectively.

droplet. During the CCA mode, the shrinking contact area between
the droplet base and the substrate results in the almost unchanged
temperature on the droplet cap. In the mixed mode, the volume of
the evaporating droplet is relatively small (< 0.05 puL) and droplet
evaporation in this mode is not a focus of this discussion.

The average temperature of the droplet base on each sample
with different substrate temperatures is shown in Fig. 8(d). There

exists an apparent temperature mismatch between the droplet
base and the substrate base. Though there is a temperature drop
through the substrate because of the substrate’s conduction resis-
tance, the large thermal conductivity of silicon (300 W-m~1.K-1)
should have led to a very small thermal resistance. As such, the
temperature drop through the substrate itself is estimated to be
< 1°C. However, the temperature mismatches between the droplet
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respectively. The initial droplet volume was 4 pL.

base and the substrate base are about 2°C, 5°C and 8°C with the
substrate base temperature maintained at 40°C, 60°C and 80°C, re-
spectively. It is plausible that such an apparent temperature dif-
ference between the droplet base and the substrate base may
be mainly caused by the local evaporation from the droplet base
within the interstitial spaces between the micropillars.

In Figs. 9(a), (b) and (c), we show the temporal evolutions of
the evaporation heat transfer rate from the droplet cap surface, the
evaporation heat transfer rate from the droplet base, and the sum-
mation of the above two heat transfer rates, i.e., the total instan-
taneous evaporation heat transfer rate, on sample 1 with the sub-
strate base temperature maintained at 40°C, 60°C and 80°C, respec-
tively. The corresponding evaporation heat transfer rates of water
droplets on sample 2 and sample 3 are given in the supplementary
materials. The total instantaneous evaporation heat transfer rate of
a sessile water droplet is calculated by Egs. (5) and (6) in term of
the droplet volume decreasing rate. The evaporation heat transfer
rate from the droplet cap surface is calculated by the diffusion-
driven model with the cap surface temperature distribution pre-
dicted by the thermal circuit model. The evaporation heat transfer
rate from the droplet base is the difference between the total evap-
oration heat transfer rate and the evaporation heat transfer rate
from the droplet cap. Obviously, the increase of the substrate tem-
perature would lead to the evaporation enhancement from both
the droplet cap surface and the droplet base surface. Yet, both the
evaporation rate from the droplet cap and that from the droplet
base decrease during droplet evaporation on a substrate with a
constant temperature. In the CCR mode the slope of the evapora-
tion rate from the droplet cap is smaller than that at the droplet
base, indicating a lower decreasing speed of the evaporation rate
from the droplet cap. As reflected by Eq. (22), the reduction of the
droplet contact angle in the CCR mode results in the decrease of
the evaporation rate from the droplet cap surface. Meanwhile, the

10

temperature increase on the droplet cap surface will enhance the
evaporation rate thereon. The effect of droplet cap temperature in-
crease compensates the depressed effect of the droplet contact an-
gle decrease on the evaporation from the droplet cap. The com-
bined effects of the contact angle decrease and the droplet cap
temperature increase give rise to the slow decrease of the evapora-
tion rate from the droplet cap in the CCR mode. In the CCA mode,
the average temperature of the droplet cap keeps essentially con-
stant, which is different from the increasing trend of the droplet
cap temperature in the CCR mode. Meanwhile, the contact radius
of the droplet decreases in the CCA mode, which causes the de-
creasing heat transfer area between the droplet and the substrate.
Thus, the evaporation rate from the droplet cap decreases quickly
in the CCA mode. In summary, in the CCR mode the decrease of
the total evaporation rate of the droplet is mainly caused by the
decreasing evaporation rate from the droplet base. Whereas in the
CCA mode, the decrease of the total evaporation rate is mainly in-
duced by the decreasing evaporation rate from the droplet cap.

Droplet evaporation on different substates exhibits distinct
evaporation heat transfer rates as shown in Fig. 9(d). Droplet on
sample 1 (40 pm periodicity) has the maximum evaporation heat
transfer rate while droplet has the minimum evaporation rate on
device 3 (60 pm periodicity). Due to the different periodicities
of micropillars, the droplet-micropillar contact areas are different
on these devices. Since water droplets on these sample substrates
have almost the same apparent contact area (i.e., base area of the
droplet), small periodicity of micropillars means larger heat trans-
fer area between the droplet base and the substrate, i.e., the solid-
liquid interface area. The larger solid-liquid interface area results
in the higher droplet evaporation rate at the same substrate tem-
perature.

Evaporation ratio ¢(7) is defined as the ratio of the evapora-
tion heat transfer rate from the droplet base to the total evapo-



W. Huang, X. He, C. Liu et al.

International Journal of Heat and Mass Transfer 185 (2022) 122314

0.8 T T T T T T T T T T
(a)Device 1 22°C (b)Device 2 : (c) Device 3 !
: 07+ a— 40 °C S 1 T 1 T
o] - H""‘*\ 60 °C Ty : '
2 06" —e— @60 ° et + | |
..(_u. \.\'\ —a—80°C i-.—o—.b.% : ::_-::‘: . :
- 05} \\ i . i T, | ]
c T ieemmen _,i’—"‘" . B T L e i | T, \‘I |
_'g 04l e — " e Ny g 1 ] )
g - ‘:'_V /‘/A""’ '\\- | v=1,;3\:$:\
Q o3} Va1.47 ul “7‘ L Va1.51 “E\‘::\'H st ! \:\\,\ ’/
g ! A.__A_‘,A | \ & ;
o 02} ! T : T : e
| 1
017 COR I coA T CCR . ccA T CCR | cca 1
| { I
0.0! 1 L vl . | L L . | 1 1 " .
0.0 0.2 04 0.6 0.8 0.0 0.2 04 0.6 0.8 0.0 0.2 04 0.6 0.8

Nondimensional time =

Fig. 10. Evaporation ratio ¢(t) of water droplets with respect to the nondimensional time 7 on each micro-structured device with different substrate base temperatures.

ration heat transfer rate at each moment t. The evaporation ra-
tio ¢ with respect to nondimensional time t on different sam-
ple devices with different substrate base temperatures is shown
in Fig. 10. The evaporation ratio ¢ generally decreases in the CCR
mode while increasing close to the end of the CCA mode. This phe-
nomenon is mainly caused by the relatively larger decreasing rate
of evaporation from the droplet base in the CCR mode and the rel-
atively smaller decreasing rate of evaporation in the CCA mode,
compared with the evaporation rate from the droplet cap. Gen-
erally, the evaporation ratio ¢ increases with the substrate tem-
perature for droplet with a relatively large volume. For droplet
evaporation at room temperature, the evaporation ratio ¢ is al-
most 0, which means most of the evaporation occurs at the droplet
cap surface. The increase of the substrate temperature will directly
cause a temperature increase at the droplet base and subsequently
induce the temperature increase at the droplet cap. Due to the
thermal resistance of the droplet bulk, the temperature increase
at the droplet cap is smaller than that at the droplet base in re-
sponse to the substrate temperature increase. Thus, more evapora-
tion occurs from the droplet base than that from the droplet cap
with the increase of the substrate temperature. It can be seen from
Fig. 10 that the evaporation ratio ¢ decreases with the increase
of the substrate temperature after the droplet volume shrank to
less than 1.5 pL. This opposite variation of the evaporation ratio is
caused by the decreased droplet volume. When the droplet volume
shrank to about 1.5 pL, both the droplet height and the droplet cap
surface area decreased rapidly, e.g., the surface area of the droplet
cap could be reduced by half. As a result, the thermal resistance
of the droplet bulk is comparatively small, and the increase of the
substrate temperature will cause a higher temperature rise at the
droplet cap. Thus, stronger evaporation occurs from the droplet cap
than from the droplet base with the increase of the substrate tem-
perature and consequently the evaporation ratio ¢ decreases.

4.3. Effective conductivity of water droplet for evaporation on high
temperature substrates

We further conducted droplet evaporation experiments on
the same micro-structured surfaces at even higher temperatures.
Figs. 11(a), (b) and (c) show the evolutions of droplet cap tem-
perature during droplet evaporation on different samples with the
substrate temperature maintained at 100°C and 120°C, respectively.
The dash lines are the droplet cap temperatures calculated by the
thermal circuit model. For droplet evaporation on a substrate with
a relatively low temperature (40°C - 80°C), the droplet cap temper-
ature calculated by the thermal circuit model matches well with
the experimental results. However, for droplet evaporation on a
substrate with a relatively high temperature > 100°C, there exist

1

large deviations between the model-predicted results and the ex-
perimental measurements. These deviations are largely due to the
internal fluid flow of the droplet, which becomes even stronger at
higher temperatures and is not considered in the thermal circuit
model. The effects of droplet internal flow are not significant for
droplet evaporation on relatively low temperature substates (40°C
- 80°C). As mentioned by Dash and Garimella [23], the charac-
teristic velocity of fluid flow in a 3 pL water droplet evaporat-
ing on a 40°C - 60°C substrate is of tens of microns per second
and the Peclet number is less than 1. Thus, it is reasonable for
us to only consider the conduction heat transfer while neglecting
the internal convection of the water droplet on a substrate in the
moderate temperature range of 40°C - 80°C. With the further in-
crease of substrate temperature, more heat is transferred through
the droplet and the temperature difference between the droplet
top and base becomes larger. Fluid motion driven by the tempera-
ture gradient in the droplet becomes violent and the characteristic
velocity of internal flow increases. Thus, we need to account for
the effects of the droplet internal flow in the thermal circuit model
for high temperature evaporation analysis.

Driven by the surface tension gradient (caused by the surface
temperature gradient), water at the droplet bottom will flow up-
wards, which will in turn diminish the temperature gradient on
the droplet surface. As a result, the upper hemispherical part of the
droplet will get warmed up by the up-flowing hot water, and the
temperature in the upper hemispherical portion should become
relatively higher than the case without internal flow. To account
for the effect of internal fluid flow, the overall averaged droplet
cap surface temperature is calculated as the modified droplet cap
temperature:

X
= T-ASy2mry,

i=1

(26)

model -

As shown in Figs. 11(a), (b) and (c), the modified temperature
calculated by Eq. (26) matches well with the experimental data for
droplet evaporation on samples 1, 2 and 3 with the substrate base
temperature maintained at 100°C. But there still exist large devia-
tions between the modified results and the experimental data for
droplet evaporation on sample devices with the substrate temper-
ature heated up to 120°C. In this condition, the convection heat
transfer in the droplet cannot be neglected. In the thermal cir-
cuit model, only the conductive thermal resistance of the droplet is
considered. Convection inside the droplet will remarkably enhance
heat transfer therein and reduce the total thermal resistances of
the droplet. Because of the complexity of internal flow, it is not
practical to analyze the convection heat transfer simply based on
the droplet characteristic velocity. Alternatively, an effective ther-
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Fig. 11. Evolutions of droplet cap temperature on (a) sample 1, (b) sample 2 and (c) sample 3. The dash lines represent the droplet cap temperatures calculated by the
thermal circuit model, the solid lines represent the droplet cap temperatures modified with total average temperature and effective conductivity, and the scatter dots are the
experimental results by IR camera. (d) Evolution of droplet base temperature on sample devices 1, 2 and 3 with the substrate temperature maintained at 100°C and 120°C,

respectively.

mal conductivity keg,, is adopted by us to account for both the
convection and conduction heat transfer in the droplet. As such,
the effective conductivity [44] of an evaporating droplet is defined
as:

Kottw = € - Ky (27)

where e is a coefficient of the effective conductivity. The effective
conductivity ke, takes place of the original water conductivity ky
in the thermal circuit model to account for both the conduction
and the convection heat transfer in the droplet. In this scenario,
the effect of convection in heat transfer is approximately equiv-
alent to an increase of the thermal conductivity of the working
fluid. The minimum value of e allowing for the average difference
between the model predicted surface temperature and the exper-
imental value less than 2°C, ie., |Toqel — Texpt| <2°C, is chosen as
the coefficient of the effective conductivity.

The coefficient e for the effective thermal conductivity of
droplet evaporation on samples 1, 2 and 3 with the substrate tem-
perature maintained at 120°C was found to be 3.2, 2.9 and 2.7, re-
spectively. Our estimates of coefficient e are very close to the nu-
merically fitted coefficient of 2.72 that was reported by Abramzon
and Sirignano [44]. In our experiments, these sample substrates
had been heated to a level over the boiling temperature of wa-
ter. However, no boiling was observed in the droplet even with
the substrate temperature reaching 120°C, which is possibly due to
the evaporative cooling at the droplet base. As evaporation at the
droplet base could cool down the local surface temperature, we
calculated the average temperature of the droplet base as shown

in Fig. 11(d). For droplet evaporation on the 100°C substrate, the
base temperature was about 88°C and for droplet evaporation on
the 120°C substrate, the base temperature was about 102°C, which
is very close to the saturation temperature of 100°C at the am-
bient condition. Our analysis shows that evaporative cooling from
the droplet base can significantly delay the onset of droplet boiling
with the substrate temperature even reaching 120°C.

5. Conclusions

In this work, we experimentally and theoretically investigated
the evaporation of water droplet on hot micro-pillared super-
hydrophobic surfaces. Only few studies investigated the sessile
droplet evaporation on substrates within the relative low tem-
perature range of 40°C - 100°C and very limited attention had
been paid to the local evaporation from the droplet base. For the
first time, the evaporation heat transfer rate at the droplet base
from the interstitial liquid-vapor interface between micropillars
was carefully evaluated by us. According to our analysis, droplet
cap temperature shows distinct trends in different evaporation
modes, i.e., droplet cap temperature increases in the CCR mode
while keeping almost constant in the CCA mode. The total evapo-
ration rate from both the droplet cap and base generally decreases
during the evaporation. In the CCA mode, the decrease of the to-
tal droplet evaporation rate is largely induced by the decreasing
evaporation rate from the droplet cap. In the CCR mode, however,
the decrease of the total evaporation rate is mainly caused by the
decreasing evaporation rate from the droplet base. The evapora-
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tion ratio ¢ decreases in the CCR mode and increases approach-
ing the end of the CCA mode. Also, the evaporation ratio increases
with the increasing substrate temperature during the early stage of
evaporation when the droplet volume still remains comparatively
large. After the droplet shrinks to a small volume, the evaporation
ratio decreases with the increasing substrate temperature.

Internal fluid motion and convection start playing a more influ-
ential role on droplet evaporation on substrates with a relatively
high temperature (100°C - 120°C) and an effective thermal con-
ductivity ke, Which is about three times of water conductivity
kw, was employed by us as a correction factor for the thermal cir-
cuit model to account for the convection heat transfer in the wa-
ter droplet. Furthermore, the average temperature at the droplet
base was estimated and a large temperature difference between
the droplet base and the substrate surface was unveiled. The ap-
parent temperature differences between the droplet base and the
substrate base were about 2°C, 5°C, 8°C, 13°C and 18°C for the
evaporating droplet on the micro-structured substrates with their
base temperature maintained at 40°C, 60°C, 80°C, 100°C and 120°C,
respectively. Our study about the sessile droplet evaporation on hot
micro-structured surfaces reveals the relative importance of heat
and mass transfer from the droplet base and the evaporative cool-
ing thereon. Moreover, the thermal circuit model developed by us
provides a convenient tool to analyze the evaporation dynamics of
a sessile droplet on hot micro-structured substrates with a broad
range of surface temperatures.

Declaration of Competing Interest

None.

CRediT authorship contribution statement

Wenge Huang: Conceptualization, Methodology, Investigation,
Formal analysis, Writing - original draft. Xukun He: Conceptualiza-
tion, Methodology, Writing - review & editing. Yahua Liu: Super-
vision, Funding acquisition.  Jiangtao Cheng: Conceptualization,
Supervision, Project administration, Funding acquisition, Writing -
review & editing.

Acknowledgment

This work is financially supported by NSF CBET under grant
1550299, NSF ECCS under grant 1808931, NSF CBET under grant
2133017 and NSFC under grant 52075071. Partial fabrication of sil-
icon micropillars was conducted at the Center for Nanophase Ma-
terials Sciences, which is a DOE Office of Science User Facility.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jjheatmasstransfer.
2021.122314.

References

[1] P. Calvert, Inkjet Printing for Materials and Devices, Chem. Mater. 13 (10)
(2001) 3299-3305.

[2] A. Wu, L. Yu, Z. Li, H. Yang, E. Wang, Atomic force microscope investigation of
large-circle DNA molecules, Anal. Biochem. 325 (2) (2004) 293-300.

[3] W. Jia, HH. Qiu, Experimental investigation of droplet dynamics and heat
transfer in spray cooling, Exp. Therm. Fluid Sci. 27 (7) (2003) 829-838.

[4] J. Song, W. Cheng, M. Nie, X. He, W. Nam, J. Cheng, W. Zhou, Partial Leidenfrost
Evaporation-Assisted Ultrasensitive Surface-Enhanced Raman Spectroscopy in
a Janus Water Droplet on Hierarchical Plasmonic Micro-/Nanostructures, ACS
Nano 14 (8) (2020) 9521-9531.

[5] X. He, ]. Cheng, Evaporation-Triggered Directional Transport of Asymmetrically
Confined Droplets, J. Colloid Interface Sci. 604 (2021) 550-561.

13

International Journal of Heat and Mass Transfer 185 (2022) 122314

[6] S.A. Putnam, A.M. Briones, LW. Byrd, J.S. Ervin, M.S. Hanchak, A. White,
J.G. Jones, Microdroplet evaporation on superheated surfaces, Int. ]. Heat Mass
Transf. 55 (21) (2012) 5793-5807.

[7] P. Tsai, R.G. Lammertink, M. Wessling, D. Lohse, Evaporation-triggered wet-
ting transition for water droplets upon hydrophobic microstructures, Phys. Rev.
Lett. 104 (11) (2010) 116102.

[8] L. Zhao, J. Cheng, The mechanism and universal scaling law of the contact line
friction for the Cassie-state droplets on nanostructured ultrahydrophobic sur-
faces, Nanoscale 10 (14) (2018) 6426-6436.

[9] LS. Lam, M. Hodes, R. Enright, Analysis of Galinstan-Based Microgap Cooling
Enhancement Using Structured Surfaces, ]. Heat. Transfer 137 (9) (2015).

[10] A. Al-Sharafi, B.S. Yilbas, H. Ali, Droplet Heat Transfer on Micropost Arrays
With Hydrophobic and Hydrophilic Characteristics, ]. Heat. Transfer 140 (7)
(2018).

[11] L. Bansal, S. Chakraborty, S. Basu, Confinement-induced alterations in the evap-
oration dynamics of sessile droplets, Soft Matter 13 (5) (2017) 969-977.

[12] S. Semenov, F. Carle, M. Medale, D. Brutin, Boundary conditions for a one-sided
numerical model of evaporative instabilities in sessile drops of ethanol on
heated substrates, Phys. Rev. E 96 (6-1) (2017) 063113.

[13] P.a. Bexon, The Evaporation of Sessile or Pendant Drops in Still Air, ]J. Colloid
Interface Sci. 61 (2) (1977) 336-350.

[14] XK. He, ]J.T. Cheng, C.P. Collier, B.R. Srijanto, D.P. Briggs, Evaporation of
squeezed water droplets between two parallel hydrophobic/superhydrophobic
surfaces, J. Colloid Interface Sci. 576 (2020) 127-138.

[15] M.ER. Shanahan, Simple Theory of "Stick-Slip" Wetting Hysteresis, Langmuir
11 (3) (1995) 1041-1043.

[16] N.N. Lebedev, Special Functions and Their Applications, Prentice-Hall, Engle-
wood Cliffs, NJ, USA, 1965.

[17] R.G.L. Hua Hu, Evaporation of a Sessile droplet on a substrate, J. Phys. Chem. B
106 (2002) 1334-1344.

[18] Robert D. Deegan, Olgica Bakajin, Todd F. Dupont, Greg Huber, Sidney R. Nagel,
T.A. Witten, Contact line deposits in an evaporating drop, Phys. Rev. E 62
(2000).

[19] Y.O. Popov, Evaporative deposition patterns: spatial dimensions of the deposit,
Phys. Rev. E 71 (3) (2005) 1-17.

[20] M.A. Kadhim, N. Kapur, J.L. Summers, H. Thompson, Experimental and The-
oretical Investigation of Droplet Evaporation on Heated Hydrophilic and Hy-
drophobic Surfaces, Langmuir 35 (19) (2019) 6256-6266.

[21] T.A.H. Nguyen, A.V. Nguyen, M.A. Hampton, Z.P. Xu, L. Huang, V. Rudolph, The-
oretical and experimental analysis of droplet evaporation on solid surfaces,
Chem. Eng. Sci 69 (1) (2012) 522-529.

[22] H. Gelderblom, A.G. Marin, H. Nair, A. van Houselt, L. Lefferts, J.H. Snoei-
jer, D. Lohse, How water droplets evaporate on a superhydrophobic substrate,
Phys. Rev. E 83 (2) (2011) 026306.

[23] S. Dash, S.V. Garimella, Droplet evaporation on heated hydrophobic and super-
hydrophobic surfaces, Phys. Rev. E 89 (2014) 042402.

[24] S. Dash, S.V. Garimella, Droplet evaporation dynamics on a superhydrophobic
surface with negligible hysteresis, Langmuir 29 (34) (2013) 10785-10795.

[25] A. Aldhaleai, F. Khan, T. Thundat, PA. Tsai, Evaporation dynamics of water
droplets on superhydrophobic nanograss surfaces, Int. ]. Heat Mass Transf. 160
(2020).

[26] A. Bussonniére, M.B. Bigdeli, D.-Y. Chueh, Q. Liu, P. Chen, PA. Tsai, Universal
wetting transition of an evaporating water droplet on hydrophobic micro- and
nano-structures, Soft Matter 13 (5) (2017) 978-984.

[27] K. Gleason, H. Voota, S.A. Putnam, Steady-state droplet evaporation: Contact
angle influence on the evaporation efficiency, Int. J. Heat Mass Transf. 101
(2016) 418-426.

[28] R.N. Wenzel, Resistance of Solid Surfaces to Wetting by Water, Ind. & Eng.
Chem. 28 (8) (1936) 988-994.

[29] G. McHale, S. Aqil, N.J. Shirtcliffe, M.I. Newton, H.Y. Erbil, Analysis of droplet
evaporation on a superhydrophobic surface, Langmuir 21 (2005) 11053-11060.

[30] S. Adera, R. Raj, R. Enright, E.N. Wang, Non-wetting droplets on hot superhy-
drophilic surfaces, Nat. Commun. 4 (2013) 2518.

[31] M. Wei, Y. Song, Y. Zhu, DJ. Preston, C.S. Tan, E.N. Wang, Heat transfer sup-
pression by suspended droplets on microstructured surfaces, Appl. Phys. Lett.
116 (23) (2020).

[32] H.-m. Kwon, J.C. Bird, K.K. Varanasi, Increasing Leidenfrost point using micro-
nano hierarchical surface structures, Appl. Phys. Lett. 103 (20) (2013).

[33] M. Badyv, LH. Jaffer, ].I. Weitz, T.F. Didar, An omniphobic lubricant-infused coat-
ing produced by chemical vapor deposition of hydrophobic organosilanes at-
tenuates clotting on catheter surfaces, Sci. Rep. 7 (1) (2017) 11639.

[34] R. Hays, D. Maynes, ]. Crockett, Thermal transport to droplets on heated super-
hydrophobic substrates, Int. J. Heat Mass Transfer 98 (2016) 70-80.

[35] Y. Maeda, F. Lv, P. Zhang, Y. Takata, D. Orejon, Condensate droplet size dis-
tribution and heat transfer on hierarchical slippery lubricant infused porous
surfaces, Appl. Therm. Eng. 176 (2020) 115386.

[36] T.L. Bergman, EP. Incropera, D.P. DeWitt, A.S. Lavine, Fundamentals of heat and
mass transfer, John Wiley & Sons, 2011.

[37] Seri Lee, Seaho Song, K.P.Moran Van Au, Constriction Spreading resistance
model for electroics packing, ASME/JSME Thermal Engineering Conference,
1995.

[38] D.P. Kennedy, Spreading Resistance in Cylindrical Semiconductor Devices, Int.
J. Appl. Phys. 31 (8) (1960) 1490-1497.

[39] M. di Marzo, D.D. Evans, Evaporation of a water droplet deposited on a hot
high thermal conductivity solid surface, United States, 1986.


https://doi.org/10.13039/100000146
https://doi.org/10.13039/100000148
https://doi.org/10.13039/100000146
https://doi.org/10.1016/j.ijheatmasstransfer.2021.122314
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0001
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0001
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0002
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0002
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0002
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0002
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0002
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0002
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0003
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0003
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0003
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0004
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0005
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0005
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0005
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0006
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0007
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0007
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0007
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0007
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0007
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0008
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0008
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0008
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0009
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0009
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0009
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0009
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0010
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0010
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0010
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0010
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0011
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0011
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0011
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0011
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0012
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0012
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0012
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0012
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0012
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0013
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0013
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0014
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0014
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0014
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0014
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0014
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0014
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0015
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0015
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0016
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0016
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0017
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0017
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0018
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0018
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0018
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0018
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0018
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0018
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0018
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0019
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0019
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0020
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0020
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0020
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0020
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0020
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0021
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0021
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0021
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0021
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0021
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0021
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0021
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0022
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0023
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0023
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0023
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0024
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0024
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0024
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0025
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0025
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0025
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0025
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0025
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0026
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0026
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0026
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0026
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0026
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0026
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0026
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0027
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0027
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0027
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0027
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0028
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0028
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0029
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0029
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0029
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0029
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0029
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0029
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0030
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0030
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0030
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0030
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0030
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0031
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0031
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0031
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0031
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0031
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0031
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0031
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0032
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0032
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0032
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0032
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0033
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0033
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0033
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0033
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0033
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0034
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0034
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0034
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0034
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0035
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0035
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0035
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0035
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0035
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0035
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0036
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0036
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0036
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0036
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0036
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0037
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0037
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0037
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0037
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0038
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0038
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0039
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0039
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0039

W. Huang, X. He, C. Liu et al.

[40] K.M. Itaru Michiyoshe, Heat transfer characteristics of evaporation of a liquid
droplet on heated surfaces international, Int. J. Heat Mass Transf. 21 (1977)
605-613.

[41] M. Seki, H. Kawamura, K. Sanokawa, Transient temperature profile of a hot
wall due to an impinging liquid droplet, J. of Heat Transf. 100 (1987) 167-1609.

[42] K. Gleason, S.A. Putnam, Microdroplet evaporation with a forced pinned con-
tact line, Langmuir 30 (34) (2014) 10548-10555.

14

International Journal of Heat and Mass Transfer 185 (2022) 122314

[43] PJ. Sdenz, K. Sefiane, J. Kim, O.K. Matar, P. Valluri, Evaporation of sessile drops:
a three-dimensional approach, J. Fluid Mech. 772 (2015) 705-739.

[44] W.A.S.B. Abrambon, Droplet vaporization model for spray combusition calcula-
tions, Int. J. Heat Mass Transf. 32 (1989) 1605-1618.


http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0040
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0040
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0041
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0041
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0041
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0041
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0042
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0042
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0042
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0043
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0043
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0043
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0043
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0043
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0043
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0044
http://refhub.elsevier.com/S0017-9310(21)01413-7/sbref0044

	Droplet Evaporation on Hot Micro-Structured Superhydrophobic Surfaces: Analysis of Evaporation from Droplet Cap and Base Surfaces
	1 Introduction
	2 Experimental methodology
	2.1 Substrates with micropillars
	2.2 Experimental setup

	3 Analytical methodology
	3.1 Wetting state
	3.2 Energy balance model
	3.3 Average temperature of droplet base surface
	3.4 Evaporation from droplet cap surface
	3.5 Algorithm for calculating the surface temperature and evaporation ratio

	4 Results and discussion
	4.1 Droplet evaporation dynamics
	4.2 Experimental and modelled droplet cap surface temperature
	4.3 Effective conductivity of water droplet for evaporation on high temperature substrates

	5 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgment
	Supplementary materials
	References


