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Evaporation from thin films is a key feature of many processes, including energy con-

version, microelectronics cooling, boiling, perspiration, and self-assembly operations. The

phase change occurring in these systems is governed by transport processes at the contact

line where liquid, vapor, and solid meet. Evidence suggests that altering the surface chem-

istry and surface topography on the micro- and the nanoscales can be used to dramatically

enhance vaporization. The 2013 International Workshop on Micro- and Nanostructures for

Phase-Change Heat Transfer brought together a group of experts to review the current

state-of-the-art and discuss future research needs. This article is focused on the thin-

film evaporation panel discussion and outlines some of the key principles and conclusions

reached by that panel and the workshop attendees.
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INTRODUCTION

Nearly 50 years ago, Derjagin et al. [1] performed an experiment and demonstrated
that the rate of evaporation from walls of a capillary tube was enhanced by isothermal liq-
uid flow in the thin film of liquid that clung to the walls of a capillary. The driving force
behind this excess liquid flow was attributed to a gradient in the long-range intermolecular
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252 J.L. PLAWSKY ET AL.

force field. Calculations on this kind of moving meniscus for example, in conical capillar-
ies, were given by Kiseleva et al. [2]. Shrage, in his monograph [3], developed a theoretical
framework for modeling interphase transport that has served as a guide for researchers for
over 60 years. This early work led to extensive research on the flow in thin films that are
one to two orders of magnitude larger than the adsorbed films usually associated with sur-
face diffusion. Controlling the transport processes in these films using surface modification
techniques has become a very important area of research in the fields of enhanced heat and
mass transfer, coating technology, and self-assembly processes.

Great strides have been made in understanding the nature of solid–liquid–vapor
interactions atop a nano- or microstructured solid surface. Much of this understanding
has arisen from the discovery of naturally occurring biological surfaces that use chem-
ical and topographical features to control the interaction of fluids with their surfaces
(see Figure 1). Researchers have successfully developed many forms of superhydrophobic
[4–6], superhydrophilic [7–9], and omniphobic [5, 10] surfaces designed to mimic biologi-
cal surfaces and operate isothermally. Others have fabricated omniphobic surfaces to probe
interesting features for phase-change heat and mass transfer [11]. Despite these efforts, the
full potential of such surfaces for heat and mass transfer applications has just begun to be
explored.

Surface patterns formed either by chemical modification or by additive or sacrificial
structural features alter three interrelated phenomena that can affect phase change [12].
The size and morphology of the surface features created define which solid/liquid/vapor

Figure 1 (a), (b) Condensation and (c), (d) evaporation from a lotus leaf [88]. Reprinted with permission from
Y.-T. Cheng, D.E. Rodak, A. Angelopoulos, and T. Gacek, Microscopic Observations of Condensation of Water
on Lotus Leaves, Applied Physics Letters, Vol. 87, pp. 194112−194113, 2005. Copyright 2005, AIP Publishing
LLC.
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THIN-FILM EVAPORATION 253

interactions are enhanced or diminished. Techniques that change the interfaces on a macro-
scopic scale have been used for a very long time to increase the contact area between
the heat transfer fluid and the underlying solid [13]. Micrometer-sized features lead to a
similar increase in solid–liquid interfacial area, but they also act as capillary wicking agents
[14–16] and may increase the number of nucleation sites for enhancing change of phase
heat transfer [17–19]. The surface energy of the solid may be altered by chemical modifi-
cation or by using submicrometer- or nanosized structures [12, 21–26]. When this surface
energy change occurs, the wetting behavior of the liquid changes and, as a result, fluid flow
processes on the surface are altered. Finally, submicrometer- and nanosized structures can
also serve to increase the adsorbed film thickness and to increase hydrodynamic slip at the
solid–liquid interface [27–29]. Experimental results and observations from biological sys-
tems both point to the advantage of a hierarchical surface structure to achieve maximum
performance in phase-change processes [12].

Changes in surface chemistry and the addition of surfactants or other secondary liq-
uid species can also exert strong effects on phase change processes [25, 30]. The addition
of fluid dopants allows one to alter the Marangoni stresses at the liquid–vapor interface and
hence alter the flow of liquid from the bulk to the contact line region [31–35]. All modi-
fication processes, whether physical or chemical, have the same purpose—maximizing the
region where phase change is most active. Though great strides have been made, much work
remains to be done to develop surfaces that can be tailored for any particular liquid–solid
combination.

THIN-FILM EVAPORATION FUNDAMENTALS

To understand how surface modification affects thin-film evaporation processes, we
need to understand the fundamentals of phase-change transport in thin films. Though
work in this area began with Derjagin and colleagues [1], many others have contributed
from the experimental [36–43], theoretical [44–48], and simulation [49–56] perspectives.
Evaporation from thin films is nearly always in the context of an evaporating meniscus.
For simplicity, if we consider the case of a perfectly wetting fluid, one can divide an
evaporating meniscus into three hypothetical regions (see Figure 2). Region 1 is the
adsorbed/nonevaporating film region that is a precursor to the apparent contact line where
liquid, vapor, and solid are assumed to meet. This adsorbed/nonevaporating film is of
uniform thickness and cannot evaporate due to the combined effects of attractive forces
between the solid and the liquid, vapor pressure, and substrate temperature. Region 2 is the
transition region where the attractive forces of the solid are much weaker and the liquid–
vapor interface has measurable curvature. During active evaporation, the gradient in the
thickness and the curvature of the liquid–vapor interface drives the flow of liquid towards
this region via capillary and intermolecular forces. Region 3 is the bulk fluid or meniscus

region where the curvature of the interface becomes nearly constant. This region acts as a
reservoir that feeds liquid to the transition region. The slope of the vapor–liquid interface
at the start of this region defines what is usually reported as the contact angle.

The heat transfer process can be analyzed in terms of these three regions and their
associated thermal resistances. In the simplest case of a static meniscus, there are three
resistances in series: (1) a conduction resistance through the solid substrate, generally small
due to the high conductivity of the solid material; (2) a conduction resistance through the
liquid that is a linear function of the film thickness; and (3) a liquid–vapor interfacial heat
transfer resistance. The interfacial resistance depends on the strength of the intermolecular
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254 J.L. PLAWSKY ET AL.

Figure 2 Variation in adhesion force, curvature, heat flux, and thermal resistance in the contact line region for an
evaporating meniscus.

forces and hence the film thickness, the curvature of the vapor–liquid interface, and the
state of the bulk vapor. This resistance can be the dominant thermal resistance in the system
especially for liquids having a very high latent heat of vaporization or systems where the
surface area between liquid and solid is extremely high.

A qualitative depiction of the thermal resistance network along the evaporating
meniscus is shown in Figure 2. The overall thermal resistance in the adsorbed film is effec-
tively infinite because there is no evaporation in this region. The resistance in the bulk
fluid region can also be very high due to a large conduction resistance through the rela-
tively thick liquid film. The thermal resistance reaches a minimum in the transition region.
In this region, the comparatively thin liquid film thickness imposes a moderate conduction
resistance, yet the film thickness is large enough so that the interfacial resistance decreases
rapidly as the film thickens. These features have been observed experimentally [36–43] and
simulated numerically by a number of researchers [44–56].

The heat transfer resistances are only part of the entire story. There are hydrody-
namic resistances that provide fundamental limits to how fast a molecule of vapor can be
added into an already occupied vapor space (sonic limit) [57], to how thin a liquid film
can be before that film either becomes temporally unstable or ruptures [58–60], and to how
much liquid can be delivered to the active evaporation zone either through flow in a thin
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THIN-FILM EVAPORATION 255

film (a wetting/friction limit), through an intrinsic meniscus (capillary limit) or through a
structure such as a wick [8, 15, 61–71] (a capillary/friction limit). The key to maximizing
phase-change heat transfer would seem to be maximizing the region where the overall heat
transfer resistance is lowered while at the same time minimizing the hydrodynamic resis-
tances associated with pumping liquid into that region and pumping vapor out from that
region.

The conceptual analysis presented above also applies to partially wetting liquids and
fluid mixtures. Those systems can be quite a bit more complicated, especially if polar
or ionic interactions are present. In general, partially wetting liquids have much thinner
adsorbed films and those films are much less stable than the perfectly wetting case. Thus,
the mix between heat transfer resistances would be different, the hydrodynamic resistances
would be different, the film thickness profiles would be different, and perhaps even the
phase behavior of the mixtures would be altered. However, the general concepts shown in
Figure 2 would remain the same.

If we were dealing with nonwetting liquids, such as mercury, in confined geome-
tries, the fundamental geometry represented by this thin-film evaporation analysis would no
longer hold. In fact, there would be no meniscus and the problem would likely become dom-
inated by conduction to the entire liquid–vapor interface (and the relative need to evaluate
the interface resistance is lessened, depending on the length scale).

Evaporation from a meniscus is a very complicated, multiscale process. A convenient
way to understand the variables governing phase change phenomena in this situation is
to consider the problem from a thermodynamics perspective. The variation in chemical
potential per unit volume, �µg, is composed of several components [72]:

�µg,i

(
J

m3

)

= ρlmRgTlv ln

(
Pvlv

Pv

)

= − (�)
︸ ︷︷ ︸

Intermolecular

− σlvK
︸︷︷︸

Surface

+
ρl�hfg

T
(Tlv − Tv)

︸ ︷︷ ︸

Thermal

+
∑

i

ρlRgT

Mw

ln

(
xi

xi,ref

)

︸ ︷︷ ︸

Concentration

+ ρlgz
︸︷︷︸

Gravitational
potential

− ziciFE
︸ ︷︷ ︸

Electrical
potential

,

(1)

where Pv is the bulk vapor pressure; Pvlv is the vapor pressure at the vapor–liquid interface
at some height, z, above the reservoir; ρ lm is the liquid molar density (mol/m3); ρl is the
liquid density (kg/m3); zi is the valence of liquid species, i, if it can dissociate into ions; xi

is the concentration of the ith species; and xi,ref is the reference concentration of that species
in the bulk fluid. The interfacial free energy is affected by the surface curvature (capillary
pressure, σlvK), the adhesion forces (disjoining pressure, �), the hydrostatic head (ρlgz), the
temperature jump across the interface (�T = Tlv − Tv), the concentration difference across
the interface ln

(

xj,i
/

xj,i,ref

)

, and any other externally applied fields, such as the electric
field, E [73]. The product of the density ρl and the latent heat of vaporization, �hfg, is the
volumetric heat of vaporization at the average phase change temperature, T . If multiple
fluids are present, we have an expression similar to Eq. (1) for each species.

The intermolecular component, represented by the disjoining pressure, �, is com-
posed of at least two parts, the Van der Waals component and a second component that
handles all other forces. Following Basu and Sharma [74] we can express the disjoining
pressure in the DLVO approximation as
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� = 64ci∞kbT tanh

(
eζ1

4kbT

)

tanh

(
eζ2

4kbT

)

exp(−κδ) +
A
(

15.96
(

δ
λ

)

+ 2
)

12πδ3
[

1 + 5.32
(

δ
λ

)]2 , (2)

where T is the temperature, kb is Boltzmann’s constant, e is the fundamental charge, κ is
the Debye length, λ is the London wavelength, ζ is the zeta potential with subscripts 1 and
2 signifying the two interacting surfaces, ci∞ is the ion concentration in the bulk liquid, and
A is the Hamaker constant. Dzyaloshinskii, Lifshitz, and Pitaevskii’s theory as discussed
by Israelachvili [75] relates the Hamaker constant to the dielectric properties of the media
involved. In the simplest approximation, we can relate the Hamaker constant to the refrac-
tive indices of the media involved (ηi) and the primary electronic absorption frequency that
generally lies in the ultraviolet (νe ∼ 3 × 1015 s−1, λ ∼ 100 nm). This representation is
given in Eq. (3) where the numerical subscripts represent the three media interacting (solid,
liquid, vapor), ν is the electronic frequency of interaction, kb is Boltzmann’s constant, �, is
Planck’s constant, and T is the temperature.

A = Aν=0 + Aν>0 =
3

4
kbT

(
ε1 − ε3

ε1 + ε3

)(
ε2 − ε3

ε2 + ε3

)

+
3�νe

8
√

2

⎧

⎨

⎩

(

η2
1 − η2

3

) (

η2
2 − η2

3

)

(

η2
1 + η2

3

)1/2(
η2

2 + η2
3

)1/2
[
(

η2
1 + η2

3

)1/2 +
(

η2
2 + η2

3

)1/2
]

⎫

⎬

⎭
.

(3)

We can relate the intermolecular component to the interfacial tension and the contact
angle using Eq. (4). Here, Pc is the pressure associated with the adsorbed film of thickness,
δ0. This equation is useful if we need to predict the contact angle for partially wetting
liquids and for perfectly wetting fluids where, based on the film thickness profile, we can
predict the apparent contact angle that arises under intense evaporation.

cos θ = 1 +
1

σlv

Pc∫

0

δd�. (4)

Supplying heat to a meniscus drives the system from equilibrium where kinetic theory
may be used to obtain the rate of evaporation. The maximum rate of evaporation can be
expressed in terms of the thermodynamic driving forces across the interface as determined
from Eq. (2) [57]. Considering only thermal, intermolecular, capillary, and gravitational
driving forces, we find the heat flux q′′ to be a function of temperature and pressure jumps
across the interface.

q′′ = m′′�hfg = hlv (Tlv − Tv) =
(Tlv − Tv)

1/
hcl

lv

−
(� + σlK − ρlgz)

1/
hkl

lv

, (5)

where

hkl
lv =

(
C2Mw

2πRgTlv

)
(

1/
2

)

VlmPv�hfg

RgTlv

(6)
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and

hcl
lv =

(
C2Mw

2πRgTlv

)
(

1/
2

)

MwPv�h2
fg

RgTlvTv

. (7)

Here, C is a proportionality constant of O(1), Mw is the molecular weight of the
fluid, Rg is the universal gas constant, and �hfg is the heat of vaporization of the fluid.
The classical heat transfer coefficient, hlv in Eq. (5), presumes the evaporation rate is due
to a temperature jump only. It is replaced here by the coefficients due to the tempera-
ture (hcl

lv) and pressure (hkl
lv) jumps, both of which contribute to evaporation. The pressure

jump can be obtained from geometric considerations (measurements of thickness and cur-
vature). The temperature jump at this scale is extremely difficult to determine. Usually one
replaces it with the temperature difference between the solid surface and the bulk vapor
augmented by a penalty function that may be just the conduction resistance through the liq-
uid. The value of C, often referred to as the accommodation coefficient, is not a complete
unknown in this analysis. Many careful experiments have been performed to measure this
coefficient for a number of working fluids under controlled conditions, and the variation
in measured values is primarily observed for water [76]. Of course, the coefficient itself
becomes uncertain if there are noncondensible components in the gas phase or we have
a liquid mixture where we need to consider relative volatilities of the components and the
possibility that interfacial compositions are not equivalent to compositions in the bulk of the
liquid film.

Though the electrostatic contribution to the forces has been typically ignored, a recent
study by Narayanan et al. [61] of evaporation in a confined nanopore environment critically
assessed this approximation and analyzed the combined effects of electrostatic interactions
and Van der Waals forces. This study demonstrated a significant change in the shape of
the interface due to electrostatic forces that extended the contact line especially within the
nanoscale-sized pores. As a result, the net rate of evaporation was promoted due to an
increase in the total free surface area, as well as due to an enlarged thin-film region in the
meniscus.

The contact line or interline region (between the adsorbed film and evaporating film
in Figure 2) is the thinnest portion of the meniscus over which evaporation can occur and
hence it is also the location where the heat flux is the highest. In this nanoscale region, con-
tinuum models begin to break down and so molecular dynamics is required to understand
the evaporation process (Figure 3) [52]. We can roughly use the Knudsen number as a gauge
to when the continuum theory will fail. The molecular simulations show that an ultrahigh
heat flux, on the same order as the kinetic theory limit, can occur in the interline region of a
nanoscale meniscus (Figure 3). Because the interline region covers an extremely small area
compared to the evaporating region, its impact on the overall heat transfer is not signifi-
cant. However, increasing its area through novel nanostructured surfaces can significantly
increase the heat flux at the device level. Moreover, this analysis can further be extended and
applied to create ultrahigh heat flux energy conversion devices where evaporation (without
nucleate boiling) is the only mode of phase change.
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258 J.L. PLAWSKY ET AL.

Figure 3 Comparison of molecular dynamics versus kinetic theory predictions for the maximum rate of evapora-
tion from a thin film [52]. Reprinted from International Journal of Heat and Mass Transfer, Vol. 53, S.C. Maroo
and J.N. Chung, Heat Transfer Characteristics and Pressure Variation in a Nanoscale Evaporating Meniscus, pp.
3335−3345, Copyright (2010), with permission from Elsevier.

(a) (b)

Figure 4 Microstructured surface to increase the contact line region for enhanced heat transfer: (a) photo of
microstructures by 3D laser scanning confocal microscopy and (b) histories of test section by (I) thin-film
evaporation and (II) pool boiling (the test section was directly plunged in liquid nitrogen).

MICRO- AND NANOSTRUCTURES FOR CONTROLLING EVAPORATION

A wide range of surface modification strategies have been tried in an attempt
overcome the obstacles [68, 69] preventing us from achieving the theoretical maximum
evaporation rate. One such method using surface treatment to generate microstructured
roughness is shown in Figure 4 [40].

Confining a microscopic liquid film using capillary forces exerted via nanoporous
alumina membranes, as shown in Figure 5, to maximize and control (i.e., avoid surface dry-
out) the rate of evaporation has been successfully pursued as an approach for cooling small
areas subjected to high heat fluxes [61, 77–79]. Several investigations have numerically
characterized evaporation from idealized microstructure geometries [65, 68] and realistic
sintered microstructures via microtomography-based direct simulation (Figure 6) [61, 62].
Techniques for characterization of phase change from sintered porous media, as well as
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THIN-FILM EVAPORATION 259

(a)
(b)

Figure 5 Combining micro- and nanostructures via confining a thin liquid film of microscopic dimensions using
a porous alumina membrane (PAM), whose cylindrical nanopores control phase-change operations. Scanning
electron micrographs of the PAM: (a) top view and (b) cross-sectional cut along the pore axis [80]. Reprinted from
International Journal of Heat and Mass Transfer, S. Narayanan, A. Fedorov, and Y. Joshi, Heat and Mass Transfer
during Evaporation of Thin Liquid Films Confined by Porous Membrane Subjected to Air Jet Impingement, Vol.
58, pp. 300−311, Copyright (2013), with permission from Elsevier.

Figure 6 Direct simulation of evaporative heat transfer from a sintered wick structure [70]. The typical workflow
for microtomography-based visualization, 3D reconstruction, meshing, meniscus shape prediction, and subsequent
evaporation analysis is shown. Reprinted from International Journal of Heat and Mass Transfer, K.K. Bodla,
J.Y. Murthy, and S.V. Garimella, Evaporation Analysis of Sintered Wick Microstructures Vol. 58, pp. 300−311,
Copyright (2013), with permission from Elsevier.
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260 J.L. PLAWSKY ET AL.

Figure 7 Membrane-based evaporation/perspiration system for enhancing evaporative heat and mass transfer
using external gas assistance.

Figure 8 Micro/nanostructured evaporator surfaces for enhanced heat transfer.

reverse-engineering the design of microstructures via simulation of the physical fabrication
processes, are reviewed in Bodla et al. [64]. Others researchers have machined wicking-type
structures using lithographic techniques [15–17, 21, 27, 65]. Deposition and etching pro-
cesses have been used to create nanostructured surfaces [22, 29]. In many approaches, the
investigators have tried to mimic biological processes such as perspiration via membranes
[77–81] as in Figure 7, dual-roughness structures [8, 22, 23, 26] as in Figure 8, and chemical
modification [82] using temperature to control the morphology of polymers grafted to a sur-
face. Confining the process to microchannels, with both smooth and micro/nanostructured
walls, has also been a much-studied route [83, 84]. Perhaps the oldest strategy is to just
spray the liquid in the form of very fine droplets onto the surface. Despite these efforts,
there is still no unifying framework for microstructure design, manufacturing techniques,
and ultimate characterization and comparison of performance enhancement.

SYNTHESIS AND OUTLINE FOR FUTURE RESEARCH

We are now in a position to organize past efforts and future research directions along
a set of general principles. To maximize evaporation, we would like to maximize the region
with least resistance to evaporation, and we need to be able to deliver liquid to that region
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THIN-FILM EVAPORATION 261

Figure 9 Effective Hamaker constant as a function of average surface roughness. The theoretical value is obtained
for a smooth surface from Eq. (3) [22]. Reprinted with permission M. Ojha, A. Chatterjee, G. Dalakos, P.C.
Wayner, Jr., and J.L. Plawsky, Role of Solid Surface Structure on Evaporative Phase Change from a Completely
Wetting Corner Meniscus, Physics of Fluids, Vol. 22, 052101, 2010. Copyright 2010, AIP Publishing LLC.

in sufficient quantity to feed the evaporation. This requires control of the intermolecular
force interaction and, as a consequence, the apparent contact angle and interfacial ten-
sion. Ideally, one would want a perfectly wetting fluid to insure a spreading, thin film over
the entire surface. If, for simplicity, we choose only a van der Waals fluid, there are sev-
eral more generalizations we can make. Dzyaloshinskii, Lifshitz, and Pitaevskii’s theory
indicates that we need to choose the dielectric properties of the substrate and liquid to
adjust the Hamaker constant so it is large and negative, thereby insuring perfect wettability.
Because theory treats the materials as continua using the bulk dielectric constant and refrac-
tive index, we should be able to use nanostructures to alter the effective Hamaker constant
as long as those structures are small relative to the primary absorption wavelength, λe, con-
trolling the dispersion force. Random structures of this type have been shown to alter the
effective Hamaker constant [20] as shown in Figure 9. Highly structured surfaces exploiting
this effect are believed to be active in biological systems, such as the septae in gecko feet
[85]. If systems composed of purely dielectric materials are insufficient, we can incorporate
surface plasmon resonance effects by fabricating metallic nanostructures so that the fluid
responds to electromagnetic fields.

Though we can choose fluids, materials, and force fields to alter the wetting, we
still need to be able to deliver the liquid to the active evaporation zone and that is primarily
accomplished via capillarity. We need a very large curvature gradient, in general, to provide
the required pumping power. In most systems, there is a reservoir located a large distance
(L) from the evaporation zone (relative to the film thickness near the contact line), so the
capillary driving force will scale as σ lvcosθ eq/d. Here, θ eq is the equilibrium contact angle
the liquid makes with the solid surface. To increase the driving force, we can use wicks
or surfaces that are structured on the microscale, creating local reservoirs between each
structure that are separated by a much smaller distance, d. Unfortunately, increasing the
driving force using microscale features also increases the hydrodynamic resistance that
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262 J.L. PLAWSKY ET AL.

Figure 10 Fractal channel network for enhanced heat transfer [89, 90]. Reprinted from Experimental Thermal and

Fluid Science, D. Pence, The Simplicity of Fractal-Like Flow Networks for Effective Heat and Mass Transport,
Vol. 34, pp. 474-486, Copyright (2010); and International Journal of Heat and Mass Transfer, S. Salakij, J.A.
Liburdy, D.V. Pence, and M. Apreotesi, Modeling in-situ Vapor Extraction during Convective Boiling in Fractal-
Like Branching Microchannel Networks, Vol. 60, pp. 700−712, Copyright (2013), with permission from Elsevier.

scales as µliqLuliq/d2 where µliq is the liquid viscosity and uliq is a measure of the liquid
velocity that can be related to the mass flux needed to give a desired evaporation rate.
By equating the driving force and resistance, the velocity with which we can deliver fluid
scales as uliq = σ lvcosθ eqd/µliqL and so as d gets smaller, we choke off the flow. Thus, the
microstructure pattern must be optimized and can become very complicated. An example
is shown in Figure 10 where large, hierarchically etched microchannels would be used to
feed micro- or nanostructured arrays that would fill the space between the channels.

Liquid properties change with temperature and, in particular, the interfacial tension
decreases with temperature, so to achieve very high evaporation rates one must also over-
come the Maragoni forces that tend to limit flow toward the evaporation region. One way
to combat this effect is to provide a gradient in the intermolecular force field using surface
structures or chemical modification that opposes the change in interfacial tension. However,
such a static surface is optimized for only one condition. An alternative technique is to
use liquid mixtures and allow differential evaporation to establish a concentration-driven
Marangoni force that opposes the temperature-driven force [31–35]. This provides for a
self-regulating system, but large concentration gradients would generally be required, open-
ing the doorway to additional complications such as multiple liquid phases and azeotropes
in nonideal mixtures.

A comprehensive strategy to maximize evaporation would thus employ tuned bulk
material dielectric properties coupled with nanostructures to control the wetting behavior
of the liquid on the submicrometer scale, microscale patterning to enhance the capillary
driving force within the bulk meniscus, and surface modifications or liquid mixtures to
combat temperature gradient-induced fluid flow away from the active evaporation zone.

It should be noted that as the nanostructures controlling liquid film morphology and
transport become optimized for the best performance in liquid phase (i.e., thinning the film
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and effectively pumping it to the evaporating zone without dry-outs), the evaporation may
ultimately become limited by the ability to remove vapor molecules from the evaporating
interface to the ultimate mass sink. The vapor-phase resistance has received little attention
to date, but some fundamental studies and innovative structures—for example, in the gas-
assisted thin-film evaporation [71, 79, 86, 87]—have been undertaken and developed. This
issue is likely to receive increasing attention in the coming years as we realize that all
rate-limiting resistances will have to be carefully minimized to achieve the next level in
performance.

Lastly, a dominant majority of studies on thin evaporation is limited to the
steady-state behavior, which is simpler to control and investigate both theoretically
and experimentally. However, transient operation of evaporating films may provide an
untapped resource for exploring new operating modes with even higher instantaneous and
time-averaged heat dissipation capabilities and should not be ignored in the future.

FUTURE RESEARCH NEEDS

Though investigators have worked both experimentally and theoretically probing
individual components of the strategies listed above, little attention has been given about
how to integrate all the elements into an optimized system. This is especially true given
what we now know and can fabricate on the atomistic, nanometer, and micrometer scales.
Discussions during the workshop indicated that to proceed along these lines and further our
research efforts, the community requires the following:

1. Consensus on a standard set of fluids that span the range from simple van der Waals
fluids such as pentane or refrigerant, to polar fluids such as ethanol or isopropanol, and
finally to very complicated fluids like water and mixtures that can be investigated both
individually and in combination. This would help the experimentalists provide a stan-
dard set of data but also the continuum and molecular modelers who could progress
steadily from the simplest to the most complicated scenarios knowing that there is
reliable data to compare with.

2. Consensus on standard set of materials that span the range of dielectric properties of
potential interest including pure dielectric materials, semiconducting materials, and met-
als. These materials should be simple enough that we can routinely process them at both
the nanoscale and microscale using available semiconducting processing methods or via
solution-based methods. If we are required to develop different processing recipes from
scratch every time, work will be delayed.

3. Well defined, fundamental studies of how the fluid, material, and structure combine to
control wetting, spreading, pumping, and evaporation. This may require the community
to develop an overall experimental matrix that a number of members can begin to fill in.

4. A consensus definition of contact angle, a scale-dependent property that depends upon
many variables including the superheat.

5. A consensus definition on how we characterize multiscale surface structure, what we
mean by roughness, and what is it about the roughness or structure that enhances the
transport. Though we have a good idea of the process on the microscale where we can
treat the liquid as a continuum, we do not have such an understanding at the nanoscale.
Here, experimentalists and molecular simulators must come together. For example, is
it the average roughness, the peak-to-valley roughness, or the lateral correlation length
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between features or the interaction between scales of roughness that is most important,
and how do we quantify it?

6. A set of well-defined patterns fabricated from the suite of specified materials that mul-
tiple investigators can study. The idea would be to develop a database for how these
systems behave by combining observations and simulations from a number of groups
around the world.

7. Much more interaction between experimentalists, theorists, and simulators. The evapo-
ration process is inherently multiscale, and models developed at the continuum scale
suffer from an inadequate specification of the boundary conditions at the molecular
scale. This includes curvature, thickness, and contact angle at the contact line as well
as hydrodynamic slip at the solid liquid interface, especially when nanostructures are
present. Phenomena such as nucleation may even require information at the atomic scale
so that we can understand why one crystal structure or face performs so much better than
another.

CONCLUSIONS

Evaporation from thin films is a key feature of many processes, including energy
conversion, microelectronics cooling, boiling, perspiration, and self-assembly operations.
We are now at a point where we believe that the underlying physics of the phenomena
are well understood and that the interfacial temperature, interfacial composition, disjoining
pressure, surface tension, interface curvature, interface instabilties, and bulk movement of
the vapor phase all interact to govern the rate of evaporation. The process is an inherently
dynamic one and so past quasisteady approaches may no longer capture all of the essential
physics of the problem. Transient analyses will be required, as will the ability to engineer
surfaces and fluids to control these transient interfaces.

Evidence suggests that altering the surface chemistry and surface topography on the
micro- and nanoscales can be used to dramatically enhance vaporization. Though minimiz-
ing device dimensions through microfabrication and tailoring the substrate properties and
liquid–solid interactions via surface nanoengineering have seen significant advancements
and are becoming within the limits of our capabilities, a capability for effective removal
of the vapor phase from the evaporating interface to the far ambient remains a fundamen-
tal challenge that calls for innovative process organization and in-depth understanding of
gas-phase fluid mechanics and mass transfer in confined geometries.

Experimental characterization techniques such as X-ray microtomography and laser-
scanning confocal microscopy will provide 3D topological and microstructural details of
porous media and engineered surfaces. Transient, multiwavelength interferometry will pro-
vide the same level of information regarding the in situ disjoining pressure and thin-film
thickness profiles. Reconstruction of these materials and films with feature-preserving,
adaptive meshing algorithms will allow for accurate, on-demand characterization of per-
tinent evaporation and heat transport properties, rather than relying on reduced-order or
empirically based characterization approaches.
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