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Assessment of Water Droplet Evaporation Mechanisms on
Hydrophobic and Superhydrophobic Substrates

Zhenhai Pan, Susmita Dash, Justin A. Weibel, and Suresh V. Garimella*

School of Mechanical Engineering and Birck Nanotechnology Center, Purdue University, 585 Purdue Mall, West Lafayette, Indiana

47907, United States

ABSTRACT: Evaporation rates are predicted and important
transport mechanisms identified for evaporation of water
droplets on hydrophobic (contact angle ~110°) and super-
hydrophobic (contact angle ~160°) substrates. Analytical
models for droplet evaporation in the literature are usually
simplified to include only vapor diffusion in the gas domain,
and the system is assumed to be isothermal. In the
comprehensive model developed in this study, evaporative
cooling of the interface is accounted for, and vapor
concentration is coupled to local temperature at the interface.
Conjugate heat and mass transfer are solved in the solid
substrate, liquid droplet, and surrounding gas. Buoyancy-
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driven convective flows in the droplet and vapor domains are also simulated. The influences of evaporative cooling and
convection on the evaporation characteristics are determined quantitatively. The liquid—vapor interface temperature drop
induced by evaporative cooling suppresses evaporation, while gas-phase natural convection acts to enhance evaporation. While
the effects of these competing transport mechanisms are observed to counterbalance for evaporation on a hydrophobic surface,
the stronger influence of evaporative cooling on a superhydrophobic surface accounts for an overprediction of experimental
evaporation rates by ~20% with vapor diffusion-based models. The local evaporation fluxes along the liquid—vapor interface for
both hydrophobic and superhydrophobic substrates are investigated. The highest local evaporation flux occurs at the three-phase
contact line region due to proximity to the higher temperature substrate, rather than at the relatively colder droplet top; vapor
diffusion-based models predict the opposite. The numerically calculated evaporation rates agree with experimental results to
within 2% for superhydrophobic substrates and 3% for hydrophobic substrates. The large deviations between past analytical
models and the experimental data are therefore reconciled with the comprehensive model developed here.

1. INTRODUCTION

Evaporation of sessile droplets on a solid substrate is an
important fundamental phenomenon in various applications
including phase-change cooling,"* inkjet printinsg,3’4 controlled
deposition of self-assembled surface coatings,™® and micro-
fluidic lab-on-a-chip processes,7’8 to name a few. A
comprehensive understanding of the underlying physical
mechanisms is critically important in utilizing droplet
evaporation-based processes in such applications.

Picknett and Bexon’ were among the first researchers to
study evaporation of a sessile droplet in ambient air and
suggested that two droplet evaporation modes exist on a
smooth substrate: a constant contact radius (CCR) mode in
which the contact radius remains fixed while the contact angle
reduces and a constant contact angle (CCA) mode in which the
contact angle remains constant while the contact radius recedes
due to evaporation. Assuming that vapor diffusion in the
surrounding air was the only factor influencing evaporation
rate, they derived a theoretical solution for the evaporation rate
from the governing diffusion equations. Bourges-Monnier and
Shanahan'® studied evaporating droplets of water and n-decane
on various substrates that provided a range of initial droplet
contact angles. A simplified expression for evaporation in the
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CCR mode was proposed as an approximation to previous
vapor diffusion-based models;” the expression was in good
agreement with the full analytical solution of the vapor diffusion
model when the contact angle was near 90°."" Hu and Larson'”
studied vapor diffusion from evaporating droplets experimen-
tally, analytically, and numerically using a finite-element
method. The results were reduced to a simple expression for
the total evaporation rate under the approximation of a wetting
contact angle (<90°). Popov'® derived vapor diffusion-based
solutions for both the total evaporation rate and local interfacial
evaporation flux, which could be employed for a droplet with
any arbitrary contact angle. Vapor diffusion-based models are
widely employed to predict droplet evaporation character-
istics. '+

Droplet evaporation involves a number of other complex
transport mechanisms, in addition to vapor diffusion in the gas
domain. For instance, the droplet interface is cooled during
evaporation due to the latent heat of absorption during phase
change from liquid to vapor. Cooling of the droplet interface
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Figure 1. Schematic illustrations (left) and images obtained from experiments*” (right) of a droplet evaporating on (a) a smooth hydrophobic
substrate (6 = 110°) and (b) a structured superhydrophobic substrate (6 = 160°). The inset shows an SEM image of the superhydrophobic surface

: . 4
used in the experiments.

induces temperature gradients that drive heat transfer in the
solid, liquid, and gas phases. Experimental evidence of such
evaporative cooling of the liquid—gas interface was provided by
David et al.," specifically during intense evaporation or on low-
conductivity substrates. Dunn et al.”® improved previous vapor
diffusion-based models by including the evaporative cooling
effect as well as thermal conduction in the droplet and
underlying solid substrate. The predicted evaporation rates of
organic fluid droplets were consistent with experiments, while
previous vapor diffusion-based models overestimated the
evaporation rates. Saada et al*' further improved upon the
model of Dunn et al.*° by accounting for thermal diffusion in
the gas domain. As thermal conductivity of the substrate
decreased, the evaporation lifetime increased significantly; this
is consistent with other studies.”®**** Additional factors not
considered are buoyancy-driven flows and convective heat
transfer from substrate to gas.

The nonuniform evaporative flux, temperature, and vapor
fraction along the interface of an evaporating droplet induce
convection in both liquid and gas domains. Deegan et al.**
modeled the flow inside a droplet induced by the nonuniform
evaporation. The flow pattern resulted in deposition of
dispersed solids in the droplet at the contact line, forming a
ring-shaped deposit per the so-called “coffee ring” effect.
Subsequently, Hu and Larson>*° theoretically and exper-
imentally studied Marangoni flow in both organic liquid and
water droplets. Ristenpart et al.”” and Xu et al.*® investigated
the dependence of the direction of Marangoni flow on solid
substrate conductivity and droplet contact angle. Bhardwaj et
al.*® developed a comprehensive numerical model to investigate
Marangoni convection in nanoliter droplets and its influence on
particle deposition. Both evaporative cooling and vapor
diffusion were taken into account, while natural convection in
the gas domain was neglected on account of the extremely
small scale of the droplet. The calculated evaporation rate and
flow field agreed well with experiments. Karapetsas et al.*°
numerically investigated the hydrothermal instabilities in
droplets evaporating on a heated substrate. Consistent with
the experiments,” various patterns of temperature perturba-
tions were presented for organic droplets. While strong
Marangoni flow (velocities >1 mm/s) is usually observed in

26,30—32 . .
»30-32 the observed Marangoni flow in water

organic liquids,
2633 and does not

droplets is comparatively weak (~10 ym/s)
influence the total evaporation rate.

Compared with convection in the liquid phase of an
evaporating droplet, relatively less attention has been paid to
the natural convection in the surrounding gas phase. Gas-phase
convection is usually more important for water droplets*® (due
to the large density difference between water vapor and air) and
heated substrates.*>*® Saada et al.*’ numerically investigated
the importance of gas-phase natural convection for both heated
and unheated substrates. A diffusion model was found to
underestimate the evaporation rate by up to ~27.3% for heated
substrates and ~8.5% for unheated substrates. Kelly-Zion et
al.*® proposed a semiempirical correlation that included the
effects of natural convection by including a correction factor
such that the vapor diffusion model'” matched their experi-
ments. Recently, Carle et al.*’ conducted a series of
experiments which experimentally demonstrated the impor-
tance of gas-phase natural convection in droplet evaporation on
heated surfaces. The vapor diffusion-based model under-
estimated the evaporation rate by up to 29.7% compared to
their experimental results.*® Very recently, Kelly-Zion et al.*!
provided experimental evidence at room temperature that
natural convection in the gas domain influences the vapor
transport and thus the evaporation process.

In the past decade, the study of droplet evaporation on
superhydrophobic surfaces has attracted significant attention
due to important applications such as water-proof clothing®
and high-sensitivity molecular detection.”>** McHale et al.*®
and Dash et al* reported that droplet evaporation on
superhydrophobic substrates follows three distinct modes: the
constant contact radius (CCR), constant contact angle (CCA),
and mixed modes. Shin et al*’ experimentally compared
droplets evaporating on hydrophilic, hydrophobic, and super-
hydrophobic substrates and found that the evaporation rate and
the pinning time decreased as the substrate became more
hydrophobic. Gelderblom et al.*® experimentally investigated
CCR-mode water droplet evaporation on a superhydrophobic
carbon nanofiber substrate at room temperature. The
evaporation rates agreed well with Popov’s vapor diffusion-
based model."”® Recently, Sobac and Brutin®® experimentally

dx.doi.org/10.1021/1a4045286 | Langmuir 2013, 29, 15831-15841



Langmuir

studied water droplet evaporation on both hydrophobic and
hydrophilic substrates. It was found that the vapor diffusion-
based model produced large deviations in predicting the
evaporation rates for both hydrophobic and hydrophilic
surfaces at elevated substrate temperatures. Dash and
Garimella® investigated the evaporation of water droplets on
both smooth hydrophobic and structured superhydrophobic
substrates under ambient conditions. The experimental
evaporation rates were ~20% smaller than the predicted values
based on the vapor diffusion-based model'® for the super-
hydrophobic substrate.

Evaporation of a sessile droplet is a complex process
governed by transport mechanisms that include vapor diffusion,
evaporative cooling, conjugate heat transfer, and fluid
convection induced by buoyancy or by other means. While
many past investigations have targeted the understanding of
specific droplet evaporation processes, to the authors” knowl-
edge, none have considered all the above factors in concert.
The details of transport are therefore still not fully understood,
especially for water droplet evaporation on hydrophobic and
superhydrophobic substrates. In the present study, a
comprehensive numerical model is developed that accounts
for all of the above transport mechanisms. The numerical
modeling approach is first validated against analytical vapor
diffusion-based models and then used to analyze details of the
transport processes in water droplets evaporating on hydro-
phobic and superhydrophobic substrates. By resolving the
individual effects of each physical transport mechanism on
evaporation in a comprehensive framework, the current model
is able to assess the importance of all mechanisms at play. The
critical influences of evaporative cooling and gas-phase
convection on the evaporation process are identified, and
their contributions to the overall evaporation rates and local
evaporation fluxes are quantitatively determined.

2. PROBLEM DESCRIPTION

The simulations consider a water droplet of 2 uL initial volume
evaporating from hydrophobic and superhydrophobic sub-
strates (Figure 1). The ambient temperature and relative
humidity are set at 21 °C and 29%, respectively. The droplet
shapes, range of liquid—solid contact angles, substrate
geometry, and ambient conditions are chosen to allow direct
comparison with experimental results recently obtained in the
authors” group.*’

In the experimental study,* hierarchical superhydrophobic
surfaces were fabricated using a single deep reactive ion etching
(DRIE) step. Silicon pillars constitute the larger roughness
element (height of pillars ~18 ym). During the DRIE process,
a partially cured photoresist layer from a previous masking step
was deformed and retained at the top of the silicon pillars to
form the second-tier, hierarchical roughness (thickness of
photoresist ~S um). The surface was then spin-coated with
0.2% solution of Teflon-AF 1600 (DuPont, Wilmington, DE)
in FC-77 to render it superhydrophobic. The thickness of the
Teflon layer was measured to be ~50 nm. Silicon wafers coated
with the Teflon solution serve as the smooth hydrophobic
surface used in the experiments. To model the hierarchical
roughness elements on the superhydrophobic substrate in the
numerical simulation, an additional solid layer is employed
between the silicon substrate and droplet (termed the
“structured layer” in Figure 1b).

The superhydrophobic surface offers a high contact angle
(160°) and negligible contact angle hysteresis (<1°) for water

droplets, resulting in a CCA mode of evaporation taking place
at the initial contact angle.*” The initial contact angle of the
droplet on the hydrophobic substrate was ~118 =+ 2°;
evaporation on this surface initially occurs in a CCR mode
until the contact angle decreases to ~110°, after which a CCA
mode is followed. For both surfaces, the final stages of
evaporation (approximately the last 10% of the total
evaporation time) occurred in a mixed mode where both
contact angle and contact radius decreased simultaneously. The
droplet contact angle considered in the numerical model for
both surfaces is the value during the predominant CCA mode
of evaporation.

3. NUMERICAL MODEL

A 2D axisymmetric model is developed to describe the heat and
mass transport within and surrounding the evaporating droplets
shown in Figure 1. Transport mechanisms considered in the
current numerical model include: thermal conduction in the
solid substrate, conduction and natural convection in the liquid
droplet, and heat and mass transfer in the surrounding gas
domain. Evaporative cooling due to the latent heat of
evaporation is accounted for, and the saturated vapor
concentration is coupled to local interface temperature. Since
the time scale of volume change by evaporation is significantly
larger than all other transport process time scales (vapor,
thermal, and momentum diffusion), a quasi-steady assumption
for each droplet shape and volume during the evaporation
process is appropriate’®”' and is employed in the present
model. Under this assumption, the evaporation behavior
depends only on the instantaneous droplet geometry and
environment conditions. Schematic diagrams of the numerical
solution domains and boundary conditions are provided in
Figure 2 and described below.

3.1. Liquid (Droplet) Domain. Considering the small
length scale of the droplet, laminar flow of a Newtonian fluid
and the Boussinesq approximation (for implementation of
buoyancy-induced convection) are assumed in the liquid
domain. The continuity, momentum, and energy equations,
and the Boussinesq approximation, are given respectively as

pr-\_; =S (1)
pl\7~V\7 =-Vp+ /JIVZV + Ppoud (2)
P, V-VT = kV'T + 8, 3)
Poous = Pt T PrecP(T = Tt ()

where S (see Table 1 for full nomenclature) indicates the
source terms employed to model heat and mass transport
across the interface, as described in section 3.4.

3.2. Gas Domain. Since vapor transport in the gas domain
influences the evaporation process, the flow, temperature, and
concentration fields should be calculated together. In the
present model, flow in the gas domain is assumed to be laminar
and Newtonian. The continuity, momentum, and energy
equations are given by eqs 1—3 when evaluated using gas
properties (the Boussinesq term is replaced by pgg'). The air—
vapor mixture in the gas domain should follow the ideal gas law,
and thus the density is given by

pg\tm
RT

iqg = CV'MV + ( - Cv)Mair

©)
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Figure 2. Schematic diagram of the numerical solution domains and
boundary conditions (with mesh overlay). Shown are the (a) full
domain along with details near the droplet on a (b) hydrophobic and
(c) superhydrophobic substrate.

Table 1. Nomenclature

variable description variable description
A area (m?) P pressure (N/m?)
C vapor molar conc r radius (m)
mol/m?)
< heat capacity (J/(kg K)) R universal gas constant
(J/(mol K))
D diffusion coeff in air S mass source (kg/(m? s))
(m?* /s)
H relative humidity Sy energy source (W/m?)
h height of the droplet (m) T temperature (K)
hy, latent heat of evaporation \ fluid velocity (m/s)
/kg)
h, sensible enthalpy (J/kg) q heat flux (W/m?)
k thermal conductivity thermal diffusivity (m?/s)
(W/(m K))
1 length (m) p thermal expansion coeff
(1/K)
M molecular weight 0 contact angle
(kg/mol)
m" . mass flux (kg/(m?s)) u dynamic viscosity (N s/m?)
7 unit normal vector P density (kg/m®)
g gravity (m/s?) c surface tension (N/m)
subscript description subscript description
1 phase 1 g gas (vapor/air mixture)
2 phase 2 1 liquid
o0 ambient v liquid—gas interface
atm atmospheric pressure n component along 7 direction
Bous Boussinesq ref reference
c contact v vapor
eff effective sat saturated

The governing equation for vapor diffusion and convection in
air is given as

V-VC, — V-(D-VC,) =0 (6)

Lastly, the temperature-dependent diffusion coefficient D is
given by

D(T) = Dref(Ti)
f

re;

?)

3.3. Solid Domain. In the solid domain, thermal diffusion is
governed by

V-(k-VT) =0 (8)

For the hierarchical superhydrophobic substrate, the solid
domain is divided into two regions as depicted in Figure 2c. For
the underlying solid silicon wafer, the thermal conductivity is
straightforward, with k = 149 W/(m K). The structured layer is
assumed to have a small thickness equivalent to the surface
pillar height (23 ym in Dash and Garimella*®). Because of the
series arrangement of silicon pillars and air gaps, lateral thermal
conduction (perpendicular to the axis of symmetry) is assumed
negligible. Normal to the surface, the effective thermal
conductivity is calculated as a parallel arrangement of silicon
pillars (the air gaps with k ~ O are assumed to have no

contribution) as
lSi + lph Apillar

- lSi/kSi + lph/kph Atotal (9)

keff

The contribution of the Teflon layer is neglected due to its very
small thickness of ~50 nm.* The I and I, are the in-series
heights of the silicon and photoresist portions of each pillar
(Is/Ly = 3.6, A/ Ayt = 0473, kyyy ~ 025 W/(m K)). The
effective thermal conductivity of the structured layer in the
surface normal direction is then obtained as k.4 = 0.54 W/(m
K).

3.4. Liquid—Gas Interface. The vapor pressure at the
interface is assumed to be the saturation value by ignoring
interfacial evaporation resistance and capillary pressure drop
across the interface. The interfacial resistance is usually much
smaller than diffusion resistance when water is evaporating in
an air ambient,® while the capillary pressure drop needs to be
considered only for droplets with radius smaller than ~1 ym.>!
The saturation pressure p,,(T},) is calculated by the Clausius—
Clapeyron equation:

thg 1 1

= psat_ref €xp T

psa (’Ii")
¢ R\T T, (10)

sat_ref

The evaporation flux should be equal to the vapor transport at
the liquid—gas interface

m” = M(-=D#-VC, + v,C,) (11)

The first term on the right-hand side of the equation is the
vapor transport due to mass diffusion, and the second term
represents mass convection by Stefan flow. Since the velocity of
vapor flow is roughly 3 orders of magnitude larger than the
displacement velocity of the droplet interface (based on the
phase density difference), displacement of the interface is
neglected in eq 11. As vapor diffuses into the air, the convection
represented by v, ensures that net mass transport of air is zero.
Therefore, at the interface, we have

dx.doi.org/10.1021/1a4045286 | Langmuir 2013, 29, 15831-15841
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1
yl, = ————D(i#-VC,)
G-G (12)

Coupling eq 11 with eq 12, we have

m" = _ﬂ(ﬁ.vq)hv
1-G/G (13)

On the basis of the ideal-gas law, we have

patm Cl. = psat(’Il'V)

Cl, =
gl ) vy

RT, RT, (14)
To model the mass transport across the interface,

corresponding mass sources are added to the mesh cells

adjacent to either side of the interface, as explained in refs 52

and 53

” ”
S _ m Acell _ m Acell
= —, = ——

'm,|

m,g
‘/cell,g Vcell,l (15)

where A is the interface area of a specified cell adjacent to the
interface and Vg is the cell volume.

Evaporation from the interface also induces an evaporative
cooling effect. This cooling effect is taken into account by
employing energy sources in the mesh cells adjacent to the
interface on either side:

Sh,g = Sm,ghs(T)) Sh,[ = m,lhs(T) + hfgsm,l (16)

hS(T) = CP(T - ’I;ef,sim) (17)

The first terms on the right-hand sides in eq 16 represent the
sensible heat contributed by the mass source, while an
additional term in the liquid-phase source accounts for the
latent heat absorbed during evaporation. T, in eq 17 is an
arbitrary reference temperature implemented in the numerical
simulation (section 4).

The presence of Marangoni flow in pure water at room
temperature has been a subject of debate. As discussed by Hu
and Larson,”>* the theoretically calculated Marangoni flow is
over 100 times stronger than the flow observed in experiments.
The authors attributed this discrepancy to the sensitivity of
water to surface contamination and demonstrated that the
Marangoni strength was reduced by 100 times at surfactant
contaminant concentrations as small as 300 molecules/um>
Subsequent experiments also showed that Marangoni flow in
pure water droplets at room temperature does not exist or at
least is very weak (<~10 um/s).>**** In other numerical
investigations where much stronger Marangoni convection is
employed, the influence on the evaporation rate was found to
be weak® or only important for much smaller droplets (<~1
nL).>" Therefore, in the present model, the Marangoni effect is
not included considering the uncertainty in the literature over
its magnitude for pure water and as is consistent with past
studies.”¥*"?93%%* The shear stress along both sides of the
interface is set as zero.

3.5. Other Boundary Conditions. Outer Gas and Solid
Domain Boundary. A notional hemispherical simulation
boundary is employed for the gas domain as shown in Figure
2a. The distance from the droplet to the outer boundary is 200
times larger than the droplet radius; the evaporation rate was
confirmed to be independent of the boundary location for this
domain size. At the outer boundary

o = P
' RT (18)
where the ambient conditions are applied (H,, = 29%, T,, = 21
°C).

The bottom of the silicon substrate is assumed to be
adiabatic as in the experiments. There is little effect on the
evaporation rate (<1%) if a constant temperature boundary is
applied with T = 21 °C.

Interior Boundary Conditions. The temperature across the
inner interfaces is assumed to be continuous. Therefore, at all
the solid—solid and fluid—solid interfaces

k(- V) = ky(7y V) (19)

No-slip and no-penetration boundary conditions are employed
at the fluid—solid interfaces. On the gas—liquid interface, the
boundary condition is set as no shear stress (free-slip).

=T,

4. NUMERICAL SOLUTION PROCEDURE

The numerical solution is obtained using the pressure-based
finite volume scheme as described in ref 55. The software
package ANSYS 12.0 (FLUENT solver)*® is employed with
embedded user-defined functions where necessary. Pressure—
velocity coupling is accomplished through the SIMPLE
algorithm. When evaluating the sensible heat, a reference
temperature T, is employed as a scale; i.e., the sensible heat
associated with a mass flow is calculated as

qs(T) = m//Cp(T - ’I;ef,sim) (20)

The default T, of 298.15 K is used in FLUENT.® The fluid
properties used for the simulations are shown in Table 2.

Table 2. Fluid Properties

properties ‘water gas
density (kg/m®) 998.08 at 294.15 K eq S
thermal conductivity (W/(m K)) 0.6 0.0242
thermal capacity (J/kg) 4182 1006.43
viscosity (kg/(m s)) 0.00834 — 2.5 X 10°T  1.789 x 107°
vapor molecular weight 0.018 0.029 for air
kg/mol)

0.000251
2.54 X 1075 at 293.65 K
2338 at 293.15 K
2.7554 X 10° — 3.46T*

thermal expansion coeff (1/K)
diffusion coeff (m?/s)
saturated vapor pressure (Pa)
latent heat (J/kg)

The mesh is shown in Figure 2. A total of ~81 000 to ~108
000 quadrilateral cells were used across all domains based on
the different contact angles. A local refinement of the mesh is
applied at the liquid—gas interface. To accurately capture the
flow field, a total of ~12 000 cells are employed in the droplet
for the hydrophobic substrate and ~14 000 cells in the droplet
for the hydrophobic substrate. The mesh cells in the gas are
much finer near the interface than at the outer boundary. A
mesh-independence check was performed to confirm that the
simulation results are insensitive to further refinement of the
mesh. The changes in the evaporation rate, distribution of
evaporation flux, interfacial temperature, and flow field near the
droplet are all less than 0.5% for a mesh with more than twice
as many cells for each case.

dx.doi.org/10.1021/1a4045286 | Langmuir 2013, 29, 15831-15841
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Figure 3. Temperature field in and around an evaporating 2 uL droplet resting on the (a) hydrophobic substrate (6 = 110°) and (b)
superhydrophobic substrate (6 = 160°). The color legend on the left indicates the calculated temperature in °C.

5. RESULTS AND DISCUSSION

To first analyze and understand the quasi-steady transport
details predicted by the present model, the case of a sessile
droplet with 2 uL instantaneous volume is discussed in detail
on both hydrophobic and superhydrophobic substrates in
sections 5.1 and 5.2. In section 5.3, the influence of different
transport mechanisms on the evaporation characteristics is
quantitatively assessed. The instantaneous evaporation rates
with decreasing droplet volume are predicted for droplets with
2 pL initial volume and are compared to experimental results*’
and a previous vapor diffusion-based model in section 5.4.
5.1. Evaporative Cooling and Heat Transfer. The
temperature distributions in and around a 2 uL droplet
evaporating on hydrophobic and superhydrophobic substrates
are shown in Figures 3a and 3b, respectively. Evaporation is

21

s T

Interfacial Temperature (°C)

16 |- = Present model, 6 = 110 °
C ===- Model without convection, t = 110 °
15 = Present model, 6 = 160 °

------ Model without convection, il = 160 °
| L L A 1 1
0 0.2 04 0.6 08 1

Radial Location (x/r)

Figure 4. Temperature profiles along the droplet interfaces for both
hydrophobic (6 = 110°) and superhydrophobic (6 = 160°) substrates
(radial location is normalized by the droplet radius).

observed to cool down the droplet interface significantly due to
the local latent heat sink. The temperature gradients induced
around the evaporating interface indicate the two primary paths
of heat transfer to the interface: (1) heat transferred from the
surrounding ambient gas and (2) heat supplied from the solid
substrate through the liquid droplet. The temperature of the
solid substrate, which acts as a high-conductivity lateral heat
spreader, is nearly uniform.

For the hydrophobic surface, 88.9% of the heat transferred to
the interface is supplied from the substrate through the liquid

15836

droplet (the rest being supplied from the gas side of the
interface); for the droplet on the superhydrophobic surface, on
the other hand, the thermal resistance to heat flow by this path
is increased due to the droplet geometry. For the larger contact
angle (160° versus 110°), the ratio of the droplet height to its
contact radius is increased (h/r. = 5.67 versus 1.43) at constant
droplet volume. Heat from the underlying substrate must travel
a longer distance through a narrower droplet base area to arrive
at the evaporating interface for the droplet on the super-
hydrophobic surface. As result, heat transferred through the
liquid accounts for only 44.7% of the overall energy transferred
to the interface for the droplet on the superhydrophobic
surface.

A temperature difference of approximately 0.5 °C is seen
across the structured layer at the contact line region. The
influence of this layer in mitigating evaporation is found to be
negligible (~1.2% reduction in the evaporation rate) since the
structured layer has a similar thermal conductivity (k. = 0.54
W/(m K)) but a much smaller thickness (23 gm) compared to
the water droplet.

The interfacial temperature profiles are plotted in Figure 4.
The temperature drop along the evaporating interfaces is ~2
°C for the hydrophobic substrate and ~4 °C for the
superhydrophobic substrate. This indicates that vapor dif-
fusion-based models that assume isothermal conditions are not
suitable, even for high thermal conductivity substrates that are
not heated. The interfacial temperature increases slightly when
the convective terms are absent from the model. The effects
and importance of natural convection is discussed further in
sections 5.2 and S5.3.

5.2. Vapor Diffusion and Natural Convection in Gas
Domain. The vapor fraction contour maps in the gas domain
surrounding the 2 uL droplet are shown in Figure S. At the
contact line region, the solid wall imposes geometric confine-
ment and impedes diffusion of vapor evaporated from the
contact line region into the open atmosphere. However, as
indicated in Figures 3 and 4, the contact line region has the
highest interfacial temperature and thus the highest local
saturated vapor pressure (i.e., the highest vapor fraction, p,/ pg).
This highest local vapor pressure induces a vapor fraction
gradient near the contact line region and drives vapor diftusion
from the contact line to the open atmosphere. As a result, the
local evaporation flux along the interface is highest at the
contact line (see section 5.3).

Two prevailing mechanisms can induce natural convection in
the gas phase: (1) an upward vapor concentration-dependent
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buoyancy force due to the density difference between water
vapor and air and (2) a downward thermal buoyancy force due
to the evaporative cooling near the liquid—gas interface. The
overall natural convection pattern is then governed by the
balance of these two factors, as shown in Figure 6. For both
substrates, the evaporative cooling effect near the interface
weakens or reverses the vapor concentration-induced upward
natural convection in the gas domain. For the hydrophobic
substrate, the vapor concentration buoyancy force is stronger
than the thermal buoyancy force, and net upward convection is
observed throughout the gas domain. Conversely, for the
superhydrophobic substrate, the temperature drop along the
interface is strong enough to overcome the vapor buoyancy
force and induces downward flow near the droplet interface.
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Further away from the droplet interface, the vapor buoyancy
force again dominates and convection is upward. This creates a
toroidal vortex in the gas domain above the droplet on a
superhydrophobic surface.

Within the liquid phase of the droplets, a circulation flow is
induced by the nonuniform temperature distribution (Figure
6b). At the center of the droplet, the warmer solid substrate
causes an upward flow, while the cooler evaporating interface
induces a downward flow along the periphery. The maximum
velocity is 10 ym/s for the hydrophobic substrate and ~25 um/
s for the superhydrophobic substrate, corresponding to the
driving liquid-phase temperature gradient. Convection in the
liquid phase has negligible influence on droplet evaporation.
Even though Marangoni convection is neglected in the model,
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its magnitude compared to natural convection in the liquid
phase can be estimated by comparing the Marangoni and
Rayleigh numbers for a 2 uL water droplet. With an
experimentally observed Marangoni number that is 2 orders
of magnitude smaller than the theoretical value for pure
water, >34 Marangoni flow is expected to be weaker than
liquid-phase natural convection in the droplet, which itself is
shown to have a negligible effect on droplet evaporation in the
present study.

5.3. Evaporation Flux and Influencing Factors. In
addition to the total evaporation rate, the local evaporation flux
along the droplet interface is investigated. The local
evaporation flux along the droplet interface is plotted along
the radial location on the droplet interface as shown in Figure
7, where the radial location is normalized by the droplet radius.
Relevant heat and mass transfer mechanisms are sequentially
incorporated into the numerical model and compared with the
vapor diffusion-based model*® to allow an assessment of the
relative importance and impact of each different mechanism.

In multiple previous studies,”"® local evaporation flux was
predicted by vapor diffusion-based models. When only vapor
diffusion in the gas domain is considered, the numerically
calculated local evaporation flux (green dashed line in Figure 7)
agrees with Popov’s vapor diffusion-based model"® (black solid
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line in Figure 7) for both substrates and serves as validation
with analytical theory. Under these conditions, the lowest
evaporation flux of almost zero is observed at the contact line
region, where the local geometry prevents vapor diffusion away
from the interface to the open atmosphere.

The next case shown in Figure 7 (blue solid line) includes
the evaporative cooling effect at the interface and conduction
heat transfer in both fluid and solid phases; the local vapor
pressure is coupled to the interfacial temperature. The local
evaporation flux profiles are seen to be significantly altered by
the inclusion of these mechanisms. As discussed in section 5.1,
the temperature at the contact line is significantly larger than
that at the top of the droplet, and thus the local vapor pressure
is correspondingly higher. As a result, even if the gas domain
geometry is not favorable to diffusion from the contact line
region, the vapor pressure governs the high local evaporation
flux at the corner region. This is observed for both hydrophobic
and superhydrophobic surfaces. The highest evaporation flux at
the corner region is ~1.2 g/(m* s) for the superhydrophobic
surface.

A final case, which represents the comprehensive model,
includes convection in the droplet and in the gas domain (red
dashed line in Figure 7). For both substrates, since the vapor-
buoyancy-driven upward natural convection in the gas phase is
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Langmuir

weakened by the interface cooling effect (as discussed in
section 5.2), its influence is less significant than observed on
hydrophilic substrates in previous studies.’”** The weak
upward gas-phase convection for the hydrophobic substrate
(Figure 6a) slightly increases the local evaporation flux along
the droplet interface (Figure 7a); this accounts for the
corresponding interfacial temperature decrease observed in
Figure 4 when convection is considered. For the super-
hydrophobic substrate, since upward convection is completely
suppressed in the gas phase near the interface due to the
stronger evaporative cooling effect, the influence of gas-phase
convection in the model is found to be negligible (accounts for
~2% increase in the evaporation rate).

It is emphasized that the local evaporation fluxes calculated
by the present model deviate significantly from vapor diffusion-
based models. Diffusion-only models do not consider the
temperature gradient along the droplet interface and thereby do
not capture the high evaporation flux near the contact line
region.

5.4. Comparison to Experimental Evaporation Rates.
In this section the instantaneous total evaporation rates
calculated using the numerical model for an evaporating
droplet with initial volume of 2 uL are compared against
experimental results*” and the vapor diffusion-based analytical
model"? under identical ambient conditions. It is noted that the
numerical model assumes a quasi-steady state at each droplet
volume. The contact angles employed for calculation of the
evaporation rate correspond to the experimentally measured
contact angles at each droplet volume. The contributions of the
evaporative cooling and fluid convection effects to the overall
evaporation rate are quantitatively determined. The evaporation
rate is shown as a function of droplet volume in Figure 8. For
the experimental cases, the evaporation rates are plotted from
the experimental data for hydrophobic and superhydrophobic
substrates.*’

For the hydrophobic substrate (Figure 8a), both the vapor
diffusion-based model and the present comprehensive model
agree well with the experimental evaporation rates for the
duration of evaporation; however, interrogation of the transport
mechanisms that affect total evaporation rate in the sections
above reveals that this close agreement is fortuitous and results
from the neglect in the vapor diffusion model of two
counteracting mechanisms (evaporative cooling and vapor-
buoyancy-driven convection) of similar consequence at this
contact angle. The present model, which includes all of the
pertinent transport mechanisms for an evaporating water
droplet, agrees to within 3% of the experimental results. The
evaporative cooling effect, when assessed in isolation,
suppresses the evaporation rate by ~10%, while an accounting
of the fluid convection enhances the evaporation rate by ~4%
from this baseline.

For the superhydrophobic substrate (Figure 8b), the vapor
diffusion-based model"* overestimates the evaporation rates by
as much as ~20% compared to the experimental results,* and
the present model predicts the evaporation rates to within 2%
of the experiments. The relative influence of the evaporative
cooling considered in the comprehensive numerical model on
the total evaporation rate is greater on the superhydrophobic
surface than on the hydrophobic substrate (section S.1). This
strong evaporative cooling effect weakens the opposing
mechanism of convection in the gas phase, and the deficiencies
of vapor diffusion models are exposed at high contact angles.
Compared to the vapor diffusion-based model,"® the overall

evaporation rate is reduced by ~23.8% by evaporative cooling
for the range of volumes investigated with the comprehensive
numerical model developed in this work.

6. CONCLUSIONS

A comprehensive numerical model is developed to predict
evaporation of sessile water droplets resting on unheated
hydrophobic and superhydrophobic substrates. Evaporative
cooling of the interface is accounted for, and vapor
concentration is coupled to local temperature at the interface.
Conjugate heat and mass transfer are solved in the solid
substrate, liquid droplet, and surrounding gas. Buoyancy-driven
convective flows in the droplet and vapor domains are also
simulated.

When these effects are included, the local evaporation flux
along the droplet interface is significantly altered from that
predicted by a vapor diffusion-based model due to the
evaporative cooling along the interface. At higher droplet
contact angles, the thermal resistance between the solid
substrate and the droplet interface increases. As a result, the
temperature along the evaporating interface drops well below
the ambient value, suppressing evaporation. This evaporative
cooling effect decreases evaporation rates by ~10% for the
hydrophobic substrate and ~23.8% for the superhydrophobic
substrate compared to a model that only accounts for diffusion
of vapor through the gas phase. Since the interfacial
temperature (and local vapor pressure) is highest at the
contact line region when evaporative cooling is accounted for,
the maximum local evaporation flux is found at the contact line.
Vapor diffusion-based models universally fail to predict these
trends in the local evaporation flux.

The upward vapor buoyancy force due to the density
difference between water vapor and air induces convection that
acts to enhance evaporation. When convective effects are
included in the model, it is found that the evaporation rate
increases by ~4% for the hydrophobic substrate and ~2% for
the superhydrophobic substrate compared to the cases that
only consider evaporative cooling effects. The relative differ-
ence in enhancement between the surfaces is attributed to the
stronger evaporative cooling in the case of the super-
hydrophobic surface, which acts to suppress the vapor-
buoyancy-induced natural convection in the gas domain.

The numerically calculated total evaporation rates are
compared to experimental data for evaporating droplets on
hydrophobic and superhydrophobic substrates as a function of
the quasi-static droplet volumes. Excellent agreement is shown;
the calculated evaporation rates agree to within 3% for the
hydrophobic substrate and 2% for the superhydrophobic
substrate.
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