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Evaporation plays a critical role in nature and many industrial applications. Evapora-
tion has been studied extensively to address extreme thermal challenges in electronics.
This chapter presents an overview of evaporation-based cooling techniques, followed by
a detailed description and performance characterization of two novel techniques that
leverage gas-assisted thin film evaporation. These methodologies combined can potentially
address both localized and averaged cooling requirements, which are critical bottlenecks in
high-performance microelectronics. One of the techniques utilizes a novel hybrid thermal
management device, which improves the performance of conventional air-cooled heat sinks
using on-demand and spatially controlled droplet impingement evaporative cooling. The
other cooling methodology makes use of microscopically thin liquid films to provide efficient
heat and mass transfer. In this technique, the use of nanoporous membranes maintains thin
liquid films, minimizing the possibility of dry-out by exploiting capillary confinement of the
fluid. In combination with flow of dry air, this arrangement yields record high heat and mass
fluxes. A detailed computational analysis is carried out to determine the relative effects of
the performance-governing parameters, which is also supported by experiments, using a
microscale device supporting gas-assisted thin film evaporation. While the understanding
gained in these techniques enables dissipation of high heat fluxes for electronic cooling, it is
also relevant in applications relying on efficient evaporation and phase separation such as
membrane distillation and climate control systems.

KEY WORDS: evaporation, phase-change, thin film, nanoporous membrane, electronic cooling,
spray cooling, high heat flux, water purification, membrane distillation, desalination

1. INTRODUCTION

Evaporation plays a critical role in nature and myriad industrial applications. Among the
emerging technologies for desalination, membrane distillation takes advantage of evapora-
tion across a hydrophobic membrane, and promises a viable option for water purification.1

Evaporation and condensation processes are known to affect the overall performance of
fuel cells due to significant heat transfer associated with these physical mechanisms and
dependence of polymer membrane ionic conductivity on hydration.2,3 The understanding
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NOMENCLATURE

A Hamaker’s constant, J
Br Brinkman number
c specific heat, J/kg K
cpl specific heat of the liquid phase,

J/kg K
dh hydraulic diameter, m
D membrane leading edge offset, m
DK coefficient of combined

Knudsen-molecular diffusion, m2/s
e elementary charge

(1.60217662× 10−19 C)
h Planck’s constant

(6.626068× 10−34 m2kg/s)
h′ mass transfer coefficient, m/s
hfg latent heat of vaporization, J/kg K
h′ref mass transfer coefficient at

reference conditions, m/s
hT heat transfer coefficient, W/m2 K
hT,ref heat transfer coefficient at reference

conditions, W/m2 K
H microchannel height, m
k thermal conductivity, W/m K
kal thermal conductivity of porous

anodic alumina membrane, W/m K
kB Boltzmann constant

(1.3806503× 1023 m2kg/s2 K)
kl thermal conductivity of the

liquid phase, W/m K
kp thermal conductivity of Pyrex

substrate, W/m K
kv thermal conductivity of the vapor

phase, W/m K
ṁ mass flow rate, kg/s
ṁ′′ mass flux, kg/m2 s
M molecular weight, kg/mol
n correlation number used to obtain

hT with hT,ref

ni refractive index of the medium
(wherei = 1, 2, and 3)

patm atmospheric pressure, Pa
pl pressure of liquid phase, Pa

pli pressure of the liquid phase at the
liquid-vapor interface, Pa

pv vapor pressure away from the
interface, Pa

pv,eq equilibrium vapor pressure, Pa
pvi vapor pressure at the interface, Pa
Pref reference pressure (atmospheric

pressure), Pa
q̇′′′j volumetric heat generation rate,

W/m3

q̇′′′m average volumetric heat sink for
the membrane region, W/m3

r radial coordinate, m
rc radius of the nanopore, m
ri radial position of the interface, m
R universal gas constant, J/mol K
Rej Reynolds number corresponding

to the air jet
Rel Reynolds number for the liquid

phase flow
T temperature, K
Tair temperature of ambient air, K
Tl temperature of the liquid phase,

K
Tli temperature of the liquid phase

at the interface, K
Tp temperature of the Pyrex

substrate, K
Ts temperature of the silicon

substrate, K
Tv temperature of the vapor phase

away from the interface, K
Tvi temperature of the vapor phase

at the interface, K
Tvo temperature of the vapor phase

at the membrane outlet, K
Tv∞ temperature of the vapor

phase in the far field, K
Tw temperature of the nanopore wall,

K
ūl velocity of the liquid phase, m/s
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NOMENCLATURE (continued)

ul axial component of the velocity
of the liquid phase, m/s

uli axial component of the velocity
of the liquid phase at the interface,
m/s

vl radial component of the velocity
of the liquid phase, m/s

vli radial component of the velocity
of the liquid phase at the interface,
m/s

wli normal component of velocity of
the liquid phase at the interface, m/s

WH hotspot width, m
WM membrane width, m
x axial coordinate, m
Xv,eq equilibrium mole fraction

of the vapor phase
Xvi mole fraction of the vapor phase

at the interface
Xvo mole fraction of the vapor phase

at the membrane outlet
Xv∞ mole fraction of the vapor phase

in the far field
Z charge number of a dissociated ion

Greek Symbols
δm thickness of the nanoporous

membrane, m
δv location of the meniscus

relative to the membrane outlet, m
ε membrane porosity
εi dielectric constant

(i = r, 1, 2, and 3)
εo permittivity of free space, F/m
κ curvature of meniscus, 1/m
µl dynamic viscosity of the liquid

phase, kg/ms
νe absorption frequency, 1/s
νl kinematic viscosity of the liquid

phase, m2/s
Πd disjoining pressure, Pa
ρl density of liquid phase, kg/m3

ρ density, kg/m3

ρsat vapor density in saturation
conditions, kg/m3

σ surface tension, N/m
σ̂ accommodation coefficient
θ slope of the interface at any

particular location

of evaporation is also crucial for fire extinguishing operations, wherein the droplet size of
water sprays can control the efficacy of fire retardation.4 Evaporation of fuel droplets is im-
portant for elucidating combustion and extraction of maximum energy from fossil fuels.5−7

For indoor swimming pools, the rate of water evaporation is of considerable interest, since
it can consume the highest energy in heating, ventilation, and air-conditioning (HVAC)
systems.8,9 On relatively smaller length scales, evaporation of thin liquid films laden with
colloidal particles can result in self-assembly, which in turn yields crystalline macrop-
orous materials for manufacturing photonic bang gap materials, waveguides, antireflective
coatings, sensors, magnetic storage media, and novel lithographic applications.10−13 As
evaporation has emerged to be of critical importance, one of its crucial applications has
been in electronic cooling, as described below.

The process developments in the semiconductor industry have led to the use of higher
power, enhanced functionality, and reduced feature sizes in electronics, which has resulted
in significant average and localized heat generation.14 Therefore, efficient thermal man-
agement is critical to ensure reliable performance of electronic devices. Traditionally, air-
cooled heat sinks have been used for electronics. However, with a maximum heat transfer
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coefficient of only∼103 W/m2 K,15 there is a fundamental limit on achievable cooling per-
formance while maintaining low operational temperatures. On the other hand, single-phase
liquid cooling can provide much higher performances of∼104 W/m2 K, if relatively high
pumping power can be tolerated for flow in microchannel heat sinks.16,17 Even greater im-
provement in cooling performance is possible without prohibitively high liquid pumping
power by leveraging the latent heat of phase change, via either boiling or evaporation. Pool
boiling has been extensively studied with a wide range of liquids, surface-enhancing fea-
tures, and operational conditions to demonstrate significant cooling with local heat transfer
coefficient exceeding∼104 W/m2 K.18 Further improvement can be achieved by convec-
tive boiling in microchannels, with heat transfer coefficient exceeding 104 W/m2 K.19 Al-
though phase change via boiling has clearly enhanced the maximum achievable heat fluxes,
numerous factors including boiling incipience, bubble nucleation and departure, control of
dry-out, and critical heat fluxes (CHFs) pose challenges for further enhancements in cool-
ing performance.

The emerging demands of electronics, which feature a combination of substantial back-
ground (average∼100 W/cm2) heat fluxes over larger areas, and even higher “hotspot” heat
fluxes (∼1000 W/cm2) over smaller domains, require new approaches and novel devices
with significant enhancement in cooling performance. Contrary to boiling or phase change
in the bulk liquid, evaporation can occur at the free surface of a liquid at relatively lower
temperatures, when the interface is exposed to subsaturation and dry conditions. In this
chapter, we discuss the fundamental challenges and opportunities in leveraging evapora-
tion to yield effective cooling with heat transfer coefficients that can potentially exceed
104 W/m2 K with minimal power for coolant circulation. Along with a brief overview of
the techniques leveraging evaporative cooling for heat dissipation, this chapter presents
two new techniques in detail that leverage gas-assisted evaporation, to address the rise in
background and localized heat fluxes found in high-power electronics.

Section 2 provides a brief overview of various techniques that leverage evaporative
cooling for heat dissipation. In Section 3, we discuss the operation and performance of a
hybrid thermal management device, which enables enhancement in conventional air-cooled
heat sinks using on-demand and spatially controlled droplet/jet impingement evaporative
cooling. This section describes the design and operation of the device, and highlights exper-
imental characterization of the device performance. Section 4 describes a unique technique
for enabling gas-assisted evaporation of thin liquid films using nanoporous membranes.
Since the cooling technique utilizes a nanoporous membrane, the interfacial transport in
nanopores is first characterized using a semi-analytical modeling approach (Section 4.1).
Subsequently, a microscale device enabling thin film evaporation is described. A detailed
study of the device performance, via both computational and experimental analysis, is de-
scribed in Section 4.2. Section 5 summarizes the chapter with a brief discussion of future
directions in enabling efficient evaporation through nanoporous membranes.

2. HEAT DISSIPATION USING EVAPORATIVE COOLING

Heat dissipation via evaporation of thin liquid films has been demonstrated in various
electronic cooling strategies. In the last decade, these strategies haven taken advantage of
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evaporation of water, as well as dielectric liquids via the use of shear-driven liquid flow,20

spray or mist cooling,21−26 micro- and nanostructures,27−29 and chemically functional-
ized surfaces.30,31 Evaporation from spray impingement delivers performance exceeding
104 W/m2 K,24 which is further enhanced by incorporating microstructures.22,23 More in-
terestingly, cooling strategies incorporating nanostructures and hierarchical features have
been able to deliver heat dissipation in excess of 105 W/m2 K.28 To maximize heat dissi-
pation from surfaces, these strategies have a common underlying objective: the use of very
thin liquid films to minimize thermal resistance. Various cooling techniques pursue this
crucial underlying objective in different ways, as elaborated in the following section.

2.1 Evaporative Cooling using Spray Impingement

Evaporation using spray and mist cooling systems has been applied to thermal management
of electronic devices. Heat transfer characteristics of spray cooling using water on plain and
microstructured silicon surfaces have been studied in detail,23 wherein it was found that
the capillary forces within the microstructures are effective in spreading the liquid film,
thus promoting evaporation rates. In another study, MEMS-based evaporative, spray cool-
ing devices have been tested for thermal management of high heat flux electronics using
dielectric coolants.32 In addition to using microstructures on the impinging surfaces, this
study elucidates the effect of different micronozzle orifice geometries. The microstructures
were found to deliver better cooling performance than plain surfaces, and support higher
fluxes before the liquid film breaks up since more water was retained due to the capillary
forces. However, microstructures were found to provide no noticeable enhancement when
the surface was completely flooded. Heat transfer coefficients of 103–104 W/m2 K were
achieved using spray cooling on textured surfaces.21,23,24,33 Higher operational temper-
atures resulted in the loss of thin films and led to the formation of dry spots, which was
detrimental to sustaining cooling. The heat transfer coefficients and temperature stability
deteriorated greatly once the liquid film breakup occurred.

In addition to conventional spray cooling, electrospray evaporative cooling has also
been investigated for thermal management of electronics.5,34 This methodology relies on
coulombic forces for energy-efficient fluid atomization. Conventional spray cooling results
from the impact of droplets on a heated surface, which may lead to rebound. As a result,
in conventional sprays, only a fraction of the liquid cooling capacity is exploited due to the
rebound effect. Electrospray was found more promising since droplet rebound from the sur-
face was prevented completely. In electrospray, once the droplets are charged, it is observed
that if the droplet impact time is less than the charge relaxation time, the charge leakage
from the droplet to the impinging substrate is relatively slow. As the droplet is still charged
after impact, it experiences an additional coulombic attraction force, or image force, with
the substrate. For picoliter droplets, the image force is three orders of magnitude larger than
gravity and can help prevent rebound, which was confirmed with high-speed imaging.34

2.2 Evaporative Cooling using Micro- and Nanoporous Structures

Porous media have also found extensive use in thermal management of electronics. Specifi-
cally, phase change in micro- and nanoporous materials is found promising for the
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dissipation of high heat fluxes with near-isothermal conditions, since it offers several ad-
vantages, including high surface area-to-volume ratio, favorable wetting characteristics,
and high thermal conductivity. Copper has been one of the most attractive materials for
heat transfer applications due to its high thermal conductivity and inexpensive processing.
However, poor wettability of water on copper surfaces can compromise the overall phase
change and heat transfer performance.35,36 Controlled chemical oxidation of copper has
been carried out to render superhydrophilicity to the wetting surface by the growth of cop-
per oxide nanostructures. Wetting surfaces consisting of copper oxide nanostructures on
microscale copper posts were shown to result in enhanced phase change, and heat trans-
fer coefficients exceeding 105 W/m2 K.28 Similarly, multiscale structures using carbon
nanotubes on microporous sintered copper provide enhanced thermal transport and perme-
ability to support high heat fluxes.37 More recently, a cooling device capable of dissipat-
ing large heat fluxes using evaporation was proposed,29 wherein perforated microchannels
were used to separate liquid and vapor flows. The phase-separating microchannel device
was designed to take advantage of extended surfaces in the perforated channels for evap-
oration, while separating vapor and liquid flows to eliminate flow instabilities associated
with flow boiling. While experimental results are not yet available, theoretical predictions
show dissipation of high heat fluxes (>103 W/cm2), using dielectric fluids with manage-
able (∼103 Pa) pressure drops. The use of microstructures to maintain thin liquid films
and enhance cooling has also been explored to demonstrate dissipation of high heat fluxes
(>102 W/cm2) using both boiling and evaporation as the mode of heat transfer for thin
capillary wicking structures.38,39

2.3 Evaporative Cooling using Electrowetting

Unlike using spray, micro- and nanostructured surfaces for evaporative cooling, electrowet-
ting offers another technique to maintain thin evaporating liquid films for thermal man-
agement. Electrowetting on dielectric (EWOD)31 is expected to have great potential be-
cause EWOD-driven droplet transport has a prompt response, low power consumption,
and programmable paths without the need for any mechanical moving parts. Consequently,
electrowetting transport techniques have been developed for chip cooling. Furthermore,
EWOD-assisted dropwise evaporation/boiling has been demonstrated for adaptive cooling
of microelectronics.40,41 Using porous wetting surfaces on heated regions, thin evaporat-
ing films could be sustained with precisely controlled volumes of droplets delivered con-
tinuously using the electrowetting phenomenon. With the EWOD-based fluidic operations,
such as droplet splitting and merging, the droplet volume can be accurately confined for
real-time thermal management applications.31,41

2.4 Gas-Assisted Evaporative Cooling

The concept of gas-assisted evaporative cooling of electronics was first demonstrated with
the injection of a gas stream to disperse a liquid coolant flowing within a channel, thereby
promoting evaporation and increasing heat transfer.42,43 In a related technique, water spray,
and high-speed airflow, have been demonstrated for dissipating heat in electromagnetic rail
guns by combining spray and evaporative cooling.24 By varying the liquid supply nozzle
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pressures and airflow velocities, heat transfer coefficients exceeding 2× 104 W/m2K have
been demonstrated.24

In addition to evaporation via spray cooling and the use of micro- and nanostructures,
the use of shear-driven liquid films, primarily led by Kabov et al.,20,45−55 has also been
pursued for cooling applications. Typically, this technique utilizes two-phase flow, where
a gas or vapor is forced along a channel, and due to shear stress at the liquid-gas/vapor
interface, a liquid film is also set in motion. This method is expected to result in high heat
fluxes since heat is transferred to a thin evaporating liquid film moving in a microchannel
under friction of a forced gas or vapor flow. In order to leverage this technique, several
experimental20,44−49 and numerical studies50−55 have been carried out. These investiga-
tions elucidate the role of the evaporating fluid,20,44,46 thermocapillary stress,44,45,48,50,55

gravity,46,50−52,55 wall slip,46 gas and liquid flow configurations,20,45,47,49,50,55 location
and size of heating elements,52 multimode heat transfer,53 and temperature dependence of
fluid properties.54 These efforts have led to a better understanding of flow hydrodynamics
and heat transfer of shear-driven flows, and demonstration of cooling performances ex-
ceeding 250 W/cm2.47 Although heat fluxes>102 W/cm2 have been demonstrated, these
studies highlight the challenges of sustaining a shear-driven flow and avoiding film rupture
and complete dry-out.

Apart from the techniques listed above, evaporation of thin liquid films has been a
topic of exhaustive research. While the following sections describe in detail two techniques
enabling gas-assisted thin-film evaporation, a general overview of thin-film evaporation can
be found in Ref. 56.

3. EVAPORATION-ENHANCED, DYNAMICALLY ADAPTIVE,
AIR-COOLED HEAT SINK

This section summarizes the main results of our study on evaporation-enhanced air cooling,
closely following the discussion in the Ref. 57. A hybrid approach is employed by integrat-
ing the mist delivery into airflow of a conventional heat sink, as shown in Fig. 1. The off-
the-shelf heat sink (Fig. 2) is modified by adding a planar MEMS ultrasonic droplet ejector
array as a capping surface of the finned structure. The ejected droplets with sufficient ejec-
tion velocity are readily entrained by the gas flow, resulting in orientation-independent
operation. The droplets are carried by primary airflow supplied by a fan to facilitate partial
liquid evaporation (and subcooling) of the carrier gas, as well as high-velocity impinge-
ment of remaining mist onto the finned surface. The latter not only enhances convective
heat transfer to the evaporating liquid, but also induces uniform spreading of the evaporat-
ing liquid film over the extended surface of the heat sink. The extended surface (fins) can
be engineered to be highly wetting via surface micro-/nanostructures,58 to facilitate an ef-
fective droplet spreading and formation of thin liquid film to promote evaporation. Finally,
capping of the heat sink with the planar structure of the ejector array (Fig. 1) establishes a
closed gas flow conduit to prevent any parasitic air bypass of the heat sink finned area.59

Collectively, these design innovations result in significant enhancement of the heat sink
capabilities for heat dissipation over large areas, much greater than what could be achieved
by using only air-based cooling.
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FIG. 1: Schematic of the concept for liquid evaporation-enhanced hybrid heat sink
(reprinted with permission from IEEE, Copyright 2009).57

The device utilizes the ultrasonic droplet generator array, which is capable of on-
demand delivery of mist in either the drop-on-demand mode or the continuous-jet-ejection
mode.60−62 The ejector operation modes can be selected and tuned to match the needs
of specific tasks, such as droplet-to-heat sink contact time, coolant consumption control
and airflow rate, and dynamically varying heat load. The ultrasonic atomizer exploits res-
onant operation to enable low-power mist generation, including a self-pumping capability
enabled by the flexing piezoelectric transducer, which is an important consideration for
power efficiency of the cooling scheme.

Figure 2(a) shows the experimental setup used for performance characterization of the
hybrid heat sink. It consists of a fan with a ducted conduit that directs airflow across a stan-
dard aluminum heat sink. A polyimide flexible heater was used to emulate the power dis-
sipation of an electronic device and several thermocouples were attached into the spreader,
as shown in Fig. 2(c). The heater-heat sink assembly was thermally insulated from the en-
vironment, and the converging tunnel was used to direct the fan airflow over the extended
area of the heat sink. To exemplify the cooling performance enhancement, experiments
have been conducted for evaluating the degree of subcooling of the heat spreader when
mist impingement evaporation is initiated, as compared to purely air cooling [Fig. 2(b)].
Further details on the experimental procedure can be found in Ref. 57.

The results indicate that for different fan flow rates, the maximum spreader temperature
can be reduced by∼15% with the introduction of mist impingement, which translates to
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FIG. 2: (a) Experimental setup for evaluation of performance enhancement via evapora-
tive cooling. (b) Fan with ducted outlet directing airflow through the fins of an aluminum
heat sink outfitted with ultrasonic ejector array for mist delivery. (c) Lines 1, 2, 3, and 4
represent the maximum heat sink temperature, the average temperature of the five heater
thermocouples, and the averages of the thermocouples highlighted and labeled “3” and “4”
as denoted in a diagram of the heater location and thermocouple traces (reprinted with
permission from IEEE, Copyright 2009).57

∼25–30% increase in an effective heat transfer coefficient. Figure 2(b) shows the transient
response of the air-cooled system, as the heater power is instantaneously increased from
0 to 31.3 W until a steady state is reached. Att = 470 s, mist impingement cooling is
initiated, which results in the decrease in system temperature from 69°C to 54°C. This rep-
resents a 50% improvement in system performance. The heat sink temperature decreases
until flooding of the heat sink results in a loss of performance enhancement, which was
visible via inspection during the experiments.

In many evaporative cooling strategies pursued thus far, as the heat flux is increased,
the liquid film was found to break easily, leading to a dry spot and a local decrease in the
heat transfer coefficient. This causes an increase in the surface temperature and eventually
the failure of the cooling mechanism. Thus, the main challenge associated with develop-
ing an efficient and reliable evaporative cooling scheme has been to maintain a very thin
(∼10−6 m) and stable liquid film. Although considerable success with evaporative cooling
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has been reported, sustained evaporation with potentially higher heat fluxes was consider-
ably difficult. To address the challenge of maintaining a stable liquid film with controllable
thickness while maximizing the evaporation rate, membrane-enabled gas-assisted thin film
evaporation can be carried out, as described below.

4. GAS-ASSISTED EVAPORATION USING NANOPOROUS
MEMBRANES

The rate of evaporation and transport at the free surface of a liquid film is controlled by two
fundamental resistances, i.e., the thermal conduction resistance across the liquid film, and
the vapor transport resistance from the evaporating interface to the ambient environment.
The film conduction resistance is controlled by the thickness and thermal conductivity of
the liquid film. The vapor transport resistance is controlled by three key parameters, which
are associated with the gas surrounding the liquid film and the choice of the evaporating
liquid. These parameters are the mass transfer coefficient, the relative humidity of the sur-
rounding gas, and the vapor density of the evaporating liquid. Since thermal conduction
and vapor transport resistances act in series, it is important to minimize both to achieve the
highest rate of heat transfer via evaporation, which can be accomplished as follows.

In membrane-enabled gas-assisted evaporation, a liquid is pumped into a micro-cavity
of desired dimensions, so that the film thickness is imposed by the structure of the cavity
(Fig. 3), rather than by flow conditions or hydrodynamics that are not easily controllable.
The use of a micro-cavity also allows precise control of the liquid film. Consequently,
it can be as thin as possible (∼10−6 m) to minimize the thermal conduction resistance.
This technique can also avoid dry-out, since sufficient pressure head can be maintained
to keep the micro-cavity filled with liquid. To enable evaporation from the free surface
of the cavity, the capping surface is constructed using a highly porous membrane with a
dense array of holes to provide a pathway for the evaporating vapor, which is eventually

FIG. 3: The schematic illustrates the underlying concept of gas-assisted evaporative cool-
ing, wherein a nanoporous membrane is used to confine liquid over a heated surface by
capillary action. Consequently, a very thin liquid film (∼1 µm) can be maintained. The
pores in the membrane provide a pathway for vapor diffusion and eventually advection by
dry air.
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entrained by the surrounding gas (Fig. 3). The overall mass transfer of the vapor phase is
maximized by utilizing a dry sweeping gas. The use of a highly porous membrane with
small pores (10−8–10−7 m) imposes a significant capillary force on the liquid. This can
support a large pressure difference between the liquid inside the cavity and the ambient
gas, allowing confinement of the liquid within the cavity. Since the capillary forces are
inversely proportional to the pore radii, nanoporous membranes can support a high pressure
differential. Moreover, the capillary forces can also be controlled or enhanced via selective
chemical functionalization of the membrane surface in contact with the evaporating liquid.

The following sections provide a detailed description of the underlying physics con-
trolling fluid flow and heat transfer, to gain a better understanding of thin film evapora-
tion enabled by the use of nanoporous membranes. These sections summarize the main
results of our study on gas-assisted thin film evaporation using nanporous membranes,
closely following the discussion in Refs. 63–67. First, it is necessary to establish the role
of nanoporous membranes, which confine the liquid in the cavity via capillary action. Since
the membrane can increase the overall impedance to the vapor transport, which includes
both vapor diffusion and interfacial resistance, a detailed understanding of wetting charac-
teristics is necessary to determine interfacial transport in nanopores. The following mathe-
matical model describes the phase change and transport during evaporation inside a cylin-
drical nanopore.

4.1 Interfacial Transport of Water Confined in Nanopores

In order to analyze wetting and interphase transport, it is essential to identify all the rele-
vant factors affecting contact line dynamics. Capillarity alone has been extensively studied
for interpreting the wetting phenomenon, and its relation to the chemical constitution of
both solid and liquid was used to explain the extent of spreading and the equilibrium con-
tact angle during partial wetting.68 However, as the length scale decreases further (below
1 µm), long-range interactions such as van der Waals forces play an important role in addi-
tion to surface tension. This affects the interface shape as well as the rate of interfacial heat
and mass transfer due to phase change. The forces due to dipole induction and molecu-
lar orientation and dispersion, which contribute toward the long-range interaction between
molecules, are collectively known as the van der Walls forces. Among different forces,
dispersion is always present between molecules and is generally dominant, as compared
to the dipole-dependent induction and orientation forces, which are also known as the De-
bye and Keesom interactions, respectively.69 The dispersion interactions between surfaces
decay rapidly at longer separations due to attenuation of electromagnetic coupling. For
very short and long distances, disjoining pressure is often given byΠd = −A0/6πδ3 and
Πd = −B/δ4, respectively, whereA0 is the non-retarded Hamaker’s constant andB is
the retarded dispersion constant.70 Although dispersion interactions are significant in de-
termining the disjoining pressure in the case of nonpolar liquids, electrostatic interaction
between molecules should also be considered for polar solvents.

The presence of both dispersion and electrostatic interaction between two interacting
media is addressed by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.71,72 Al-
though DLVO theory can quantitatively describe electrostatic contribution toward surface
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forces in thin liquid films, it is now understood that “non-DLVO” interactions can also ex-
ist. From experimental observations, prior studies have estimated the effect of “structural
interactions” in thin liquid films due to the forces other than van der Waals and DLVO
interactions.73−76 The structural component of disjoining pressure arises when interphase
boundary layers, whose structure is different from that of the bulk liquid, overlap. Sup-
ported by experimental measurements, the structural component of disjoining pressure
was found to decay exponentially with distance.75 However, with dissolved ions in wa-
ter, these forces still fail to explain the behavior of many colloidal systems. The concept of
short-range hydration forces was then introduced to relate theory to experiments based on
interaction of a mica surface with electrolyte solutions.77 But this concept has also been
met with some skepticism,78 and is still amid validation. More recently, there are concepts
based on additional interaction modes, which include image charge forces, steric interac-
tions, and hydrophobic forces that try to explain the experimental observations. Given the
uncertainty in establishing and estimating the universally applicable force interactions, a
comprehensive investigation of interfacial transport in water films is challenging and cur-
rently incomplete.

In the following section, a simplified analysis is carried out to identify the prominence
of different interactions for sustaining flow, mass, and energy transport in an evaporating
liquid film confined within a nanoscale capillary. Evaporation of simple, nonpolar wetting
liquids has been reported to elucidate effects arising due to van der Waals interactions, in
addition to capillarity. In this regard, it is noteworthy to acknowledge the contributions of
Wayner and coworkers in both theoretical developments and experimental validation.79−81

Additionally, experimental studies82−87 and computational analyses88−93 of thermocapil-
lary convection and velocity slip in channels during phase change89 are of relevance to the
problem being analyzed in the following section.

In the analysis of phase change of fluids in confined spaces, the rate of evaporation
at the free surface requires modification from the commonly used expression given by
Schrage.94 In other words, the change in equilibrium vapor pressure over a capillary menis-
cus, as compared to a “flat” interface, has to be accounted for using the Kelvin equation,95

which is modified to include the effect of an adsorbed liquid film and presence of dis-
joining pressure.96−98 Using interferometry, it has been shown that the predictions from
the modified Kelvin equation match well with experimental measurements for capillary
radii as small as a few nanometers.97 Interfacial transport of nonpolar liquids is now
well understood for evaporation in simple geometries like microchannels and cylindrical
tubes.80−82,88,89,99,100 However, the underlying solid-liquid-vapor interactions in previous
studies were limited to dispersion and capillarity, while the effect of electrostatic interac-
tions, which are of much longer range, becomes important in the case of polar liquids
confined in nanopores. The following section presents, in brief, the mathematical analysis
of fluid flow and heat transfer during evaporation of water confined in nanopores. Further
details of this analysis can be found in Ref. 66.

4.1.1 Mathematical Analysis of Flow and Heat Transfer in Nanopores

At steady state, the shape of an evaporating interface inside a channel or pore is of-
ten broadly divided into multiple regions, as shown in Fig. 4. A thin adsorbed film in
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(a) (b)
FIG. 4: (a) Classification of the extended meniscus during evaporation. Note that this
nanopore is oriented horizontally, as compared to the pores oriented vertically in Fig. 3.
This is still consistent since the role of gravity in this analysis is insignificant. (b) Schematic
for evaluation of normal interfacial velocity and illustration of various boundary heat fluxes
(reprinted with permission from the American Chemical Society, Copyright 2011).66

equilibrium with gaseous phase forms the leading edge of the liquid-vapor interface. The
adjacent region consists of a thin-film, which is influenced significantly by the disjoining
pressure. The next location is denoted as the meniscus region where capillary pressure is a
dominant force. Beyond the meniscus region, the flow is fully developed, laminar, and can
be described by the Hagen-Poiseuille equation. In the following analysis, the origin of the
cylindrical coordinate system is located at the junction of the evaporating thin film region
and the adsorbed film, as shown in Fig. 4. With all the required boundary conditions de-
fined at the origin, numerical integration is carried out with respect to the axial coordinate,
x, to compute other flow variables. The position of the interface is denoted byri (x).

In addition to assuming a steady, axisymmetric, incompressible flow, the model de-
scribed herein neglects the hydrostatic pressure and radial pressure gradient compared to
the dominant capillary, disjoining pressure, and axial pressure gradients. With these as-
sumptions, the axial component of momentum balance for liquid flow is given by

−dpli

dx
+

µl

r

∂

∂r

(
r
∂ul

∂r

)
= 0 (1)

The boundary conditions for fluid flow are no slip at the walls,u = 0 at r = rc, and
thermocapillary stress balance at the interface,−µl(∂u/∂r) = (∂σ/∂x) at r = ri .99 The
solution to the differential equation (1) with these boundary conditions is therefore given by
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The mass flow rate at any axial position can be obtained by integration,
∫

ρlul (2πr) dr
betweenr = ri andr = rc, to yield
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The change in mass flow rate of the liquid along the axial position due to evaporation at
the interface is calculated in terms of the local mass flux. At any location on the meniscus,
the mass flux is given by the evaporation kinetics94 as

ṁ′′ =
2σ̂

2− σ̂

(
M

2πR

)1/2 (
pvi

Tli
− pv

Tv

)
(4)

wherepvi is the equilibrium vapor pressure at temperatureTli , andpv is the vapor pressure
of the gas phase at temperatureTv surrounding the interface. In order to relate mass flux to
the velocity of liquid phase, the mass continuity equation,∂ul/∂x + (1/r) ∂ (rvl)/∂r = 0,
is integrated fromr = ri to r = rc

rivli =
d

dx

rc∫

ri

r ul dr + riuli
dri

dx
(5)

Equation (5) assumes thatvl = 0 at r = rc. Furthermore, as the interface positionri

is a function of the axial variable, the Leibniz integral rule is used to obtain Eq. (5). This
equation is transformed in terms of mass flow rate to obtain

vli =
1

2πρlri

dṁ

dx
+ uli

dri

dx
(6)

The interfacial velocity of liquid directed normal to the interfacewli = ṁ′′/ρl is evalu-
ated in terms of the velocity components and the slope of the interface,θ = tan−1(dri/dx),
as shown in Fig. 4(b).wli is given by

wli = uli sin θ− vli cos θ (7)

Using Eqs. (6) and (7), the mass flow rate at any axial location can be related to the
rate of evaporation at the interface [Eq. (4)]. To simplify the analysis, the discontinuity in
temperature at the interface between the liquid and gas phase is neglected by assuming
local thermal equilibrium orTv = Tli .99

−cosθ

2πri

dṁ

dx
=

2σ̂

2− σ̂

(
M

2πRTli

)1/2

(pvi − pv) (8)

Equation (3) relates mass flow rate to two unknown variables, namely, the pressure and
temperature gradient. The pressure distribution in the liquid phase can be obtained using
balance of normal stress at the interface, whereas the interfacial temperature distribution is
obtained using energy conservation, as discussed below.
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Although the pressure in liquid phase varies along the interface, the total pressure of
the gas phase consisting of air and evaporated vapor mixture can be assumed constant
and equal to atmospheric pressurepatm. This assumption is based on the evaluation of
Knudsen number for the transport of vapor molecules inside the cylindrical pore, which
is estimated to be close to 10 for a pore radius of 25 nm. Since the corresponding flow
regime is Knudsen diffusion, the pressure drop in the gaseous phase is neglected. With this
assumption, the balance of normal stress across the interface is given in terms of capillary
and disjoining pressures by

patm− pli = 2σκ + Πd (9)

whereκ is the local mean curvature of the interface,101 and the disjoining pressure is given
by102,103
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It is assumed that the value of surface tension remains close to the bulk value even in
the thin film region. Additionally, the retardation of dispersion force is neglected in this
analysis, and the van der Walls component of disjoining pressure is evaluated using the
nonretarded Hamaker’s constant. The Hamaker’s constant for two macroscopic phases 1
and 2 interacting across a medium 3 is calculated using69
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whereεi andni (i = 1, 2, and 3) represent the dielectric constant and the refractive index
of the interacting substances, respectively;kB andh denote the Boltzmann’s and Planck’s
constants, respectively; andνe denotes the absorption frequency, which is assumed to be
2.9 × 1015 s−1.104 According to Eq. (11), the Hamaker’s constant varies slightly from
−3.261 × 10−20 to −3.148 × 10−20 J corresponding to a temperature variation of 25 to
90°C. Therefore, in this case, a constant value of−3.148 × 10−20 J is assumed for the
nonretarded Hamaker’s constant.

The governing equation for interfacial temperature distribution is obtained by using the
linear temperature profile and the overall energy conservation. The detailed derivation of
Eq. (12) and further information on the numerical model can be found in Ref. 66.
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Governing equations (3), (8), (9), and (12) are solved along with other auxiliary equa-
tions to determine the shape of the interface, mass flow rate, pressure, and temperature
distribution. The key results obtained from this model are described below.
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4.1.2 Effect of Capillary and Disjoining Pressures

The relative effects of capillary and disjoining pressures on the shape of the interface are
compared in Fig. 5, corresponding torc = 30 nm,Tw = 90°C, andpv/pv,eq = 0.98. During
evaporation, the interface acquires a distinct shape to balance the viscous stresses and pres-
sure forces. The total interface area of the meniscus inside a capillary tube is smallest when
only capillary pressure is considered, while it is largest when capillary and disjoining pres-
sures are both included in the analysis. Away from the pore wall, where capillary forces
are significantly larger than disjoining pressure, the meniscus is highly curved, resulting in
higher gradient in capillary pressure to balance the viscous pressure drop inside the liquid.
On the other hand, the interface is less curved and the change in slope is more gradual
when disjoining pressure is significant in addition to capillary pressure near the pore wall.
The presence of electrostatic interaction in addition to van der Waals forces enhances the
disjoining pressure, causing a further reduction in the gradient in the curvature required
to balance the viscous stress. In this analysis, it was also found that while the absolute
pressure of the liquid phase is mainly determined by the capillary pressure, the disjoin-
ing pressure demonstrates a much larger gradient in the thin film region. Since gradient in
pressure drives fluid flow, the contribution of electrostatic interaction is quite significant.

4.1.3 Thermocapillary Stresses in Cylindrical Nanopores

In order to determine the effect of Marangoni stress on interfacial transport, the shape of the
interface is calculated for two distinct operating conditions. AtTw = 90°C andpv/pv,eq =
0.98, the interfaces corresponding to capillary radii of 50 and 500 nm are shown in Fig. 6.
For both radii, the ratio of viscous to thermocapillary stress is large, which indicates that
Marangoni stresses are not significant in nano-capillaries. The shape outlined by open

FIG. 5: The effect of capillary pressure (Pc), capillary and disjoining pressure (Pc + Pvdw)
on the shape of the interface is illustrated. The extension of meniscus due to additional
electrostatic interaction (Pc + Pvdw + Pel) is also shown. The interface is shown forrc =
30 nm,Tw = 90°C andpv/pv,eq = 0.98 (reprinted with permission from the American
Chemical Society, Copyright 2011).66
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FIG. 6: The effect of thermocapillary (Marangoni) stresses for water confined in nano-
capillaries. The shape of interface in capillaries of different radii, as predicted with (solid
lines) and without (circles) Marangoni stresses included in the analysis. The interfaces are
shown forTw = 90°C andpv/pv,eq = 0.98 (reprinted with permission from the American
Chemical Society, Copyright 2011).66

circles is for viscous-shear-only transport, and is qualitatively compared with the solid
curves when Marangoni stresses are included. It is clear that the inclusion of thermocapil-
lary stresses in the analysis results in a negligible change in the interface shape for both 50
and 500 nm pores. This is expected since Marangoni stresses are prominent only in much
larger capillaries with large temperature gradient along the interface. In this study, with
water as the evaporating liquid, the temperature gradient is not substantial enough to affect
the flow behavior even in 500 nm capillaries.

4.1.4 Effect of Wall Temperature and Vapor Pressure

Figure 7 compares the shape of the interface corresponding to different wall temperatures.
The total length of the interface is smaller at higher temperatures, but yields larger aver-
age evaporation rate in a pore, as shown in the inset in Fig. 7. Since the temperature jump
across the interface between the liquid and gas phase is neglected in this analysis, a higher
evaporation rate for a fixed pore radius is mainly due to increase in the equilibrium vapor
pressure for higher temperatures. As a result, in order to support a higher flow rate in the
thin film region, a larger gradient in the interfacial curvature is expected. Consequently, the
total length of the interface is also much smaller for evaporation at higher temperatures.
Figure 8 compares the shape of interface resulting from varying the vapor pressure of the
ambient atmosphere surrounding the evaporating meniscus for a fixed wall temperature
and capillary radius. The average mass flux per pore area (πr2

c ) is directly proportional to
the pressure differential at the interface,pvi−pv, as shown in Eq. (8). Therefore, analogous
to the temperature effect, the length of the interface shrinks for smaller vapor pressure ra-
tios,pv/pv,eq, due to higher flow rate in the thin film region. It is important to note that for
this study, it is assumed that the liquid supply from the pore inlet to the interface is not
constrained. To provide higher mass flow rates, it is expected that the pore inlet pressure
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FIG. 7: Interface corresponding topv/pv,eq = 0.98,rc = 50 nm, and varying pore wall
temperatures,Tw = 50, 70, and 90°C. The inset compares the average mass flux (kg/m2s)
at different wall temperatures (°C) (reprinted with permission from the American Chemical
Society, Copyright 2011).66

FIG. 8: Interface corresponding torc = 50 nm,Tw = 90°C, and varying the relative pres-
sure in the ambient environment surrounding the meniscus,pv/pv,eq, of 0.98, 0.96, and 0.94.
The inset compares the average mass flux (kg/m2s) at different vapor pressures (reprinted
with permission from the American Chemical Society, Copyright 2011).66

will be much higher at higher wall temperatures (and lower relative pressures) compared
to the pore inlet pressure for lower wall temperatures (and higher relative pressures). Since
the hydraulic resistance to supply liquid from the pore inlet to the interface is not con-
sidered, it is assumed that the liquid supply pressure at the pore inlet is consistent with
the requirements of the overall evaporation rate, for the chosen geometry and operating
conditions.
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In summary, it is clear that a significant change in the shape of the interface is ex-
pected when electrostatic interactions exist in addition to van der Waals and capillary
forces. The inclusion of thermocapillary stress does not yield measurable variation in inter-
facial characteristics for nanoscale capillaries, due to insufficient temperature gradient to
induce stresses comparable to other driving forces. The effects of temperature and ambient
vapor pressure on net rate of evaporation are shown to be analogous, wherein an increase
in wall temperature, which enhances saturation pressure, or a decrease in the ambient va-
por pressure, both result in an increase in the rate of evaporation from the interface. More
importantly, the analysis highlights the possibility of achieving relatively high evaporation
fluxes, if the nanopores are exposed to desirable ambient conditions. However, the ambi-
ent conditions are controlled by macroscale factors, which include the overall design and
operation conditions of the device that enables thin film evaporation. The effects of these
factors are discussed in more detail in the following section, which aims to relate global
operational conditions to the performance at the pore level presented above.

4.2 Investigation of Gas-Assisted Evaporation using a Microscale Device

In a microscale device, a volatile liquid is supplied through a narrow channel bounded by
a heating surface and a nanoporous alumina membrane (Fig. 9).64 Being inherently hy-
drophilic, the nanoporous alumina membrane drives the liquid into the nanopores by cap-
illary action against the viscous drag resisting flow through the pores. During evaporation,
when the viscous drop exceeds the pressure differential driving liquid across the mem-
brane, complete flooding of the membrane with liquid is prevented and the liquid-vapor
interface is confined between the inlet and outlet of the membrane pores. Therefore, the
membrane pores are generally only partly filled with the liquid, the rest being occupied by
the air-vapor mixture. In this case, the rate of heat conduction across the liquid film is lim-
ited only by the liquid film thickness, which is governed by the separation of the membrane
from the heater—a parameter that can be precisely controlled using micro-fabrication.64

On the other hand, if the pores of the membrane are rendered hydrophobic with a suit-
able chemical coating, then the liquid-vapor interface will be pinned at the membrane pore

FIG. 9: A microscale device to enable thin film evaporation. The physical model illus-
trates key geometric parameters and boundary conditions for the analysis of heat and mass
transfer.



178 ANNUAL REVIEW OF HEAT TRANSFER

inlet itself and the entire pore will then be occupied only by the air-vapor mixture. In such
a case, a gas-phase mass transfer of vapor within the pores can become the rate-limiting
process if the pore aspect ratio (length to diameter) is sufficiently large.63

In a hydrophilic membrane with cylindrical nanopores, due to variability in the lo-
cation of the interface, liquid penetration into the pores can vary across the membrane.
Consequently, for a hypothetical case, wherein a membrane pore is fully saturated with
liquid, the interface is assumed to be pinned at the pore outlet, and the net vapor transport
will be limited only by advection due to the air stream at the membrane outlet. On the other
hand, for a membrane void of liquid, as in the case of a hydrophobic membrane, the vapor
resulting from evaporation at the liquid-vapor interface must first diffuse through the pore
before being removed via advection at the membrane outlet. The net vapor transport, in this
case, is limited by diffusion as well as advection. Therefore, these two limiting cases set the
overall range in the variation of net vapor transport, provided other operating conditions
remain invariant.

When liquid is trapped within the membrane, evaporation occurs due to the heat gener-
ated at the heater, which may result in significant cooling. In addition, heat dissipation may
also occur via convection due to the liquid flow across the heater. Clearly, if liquid flow is
much larger than the overall rate of evaporation, capacitive heating of liquid between the
porous membrane and the heated surface can be significant. When both capacitive and
evaporative cooling are not significant, thermal spreading from the heater into the sub-
strate will become prominent. Therefore, for any given liquid flow rate and heat generation
at the surface, heat is dissipated due to evaporation, single-phase cooling, and spreading
into the substrate. Determining the relative contributions of each mechanism is necessary
to quantify the performance of gas-assisted evaporation using the microscale device. This
is carried out via detailed computational and experimental analysis, as mentioned below.

4.2.1 Computational Analysis of Heat and Mass Transfer during Thin Film
Evaporation

4.2.1.1 Equations Governing Fluid Flow and Heat Transfer at Device Level

For the device implementation illustrated in Fig. 9, the lateral dimensions of the heater and
the membrane are much larger than the liquid film and membrane thicknesses. Because of
the characteristic geometry of the flow cross section (liquid film thickness is much smaller
than the channel depth), the out-of-plane fluid flow can be neglected in comparison to
the in-plane fluid flow. Therefore, a 2D analysis of flow and heat transfer is carried out
to predict the rate of heat dissipation from the heater for different operating conditions.
Assuming a Newtonian fluid with constant density,ρl , and viscosity,µl , the steady flow of
an incompressible liquid confined within the microchannel is governed by the following
equations:

∇ · ūl = 0 (13)

ρlūl · ∇ūl = −∇pl + µl∇2ūl (14)

whereūl andpl represent the velocity and pressure of the liquid. The temperature distri-
bution,Tl , within the liquid is given by the following equation, which assumes constant
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thermal conductivity,kl , no internal heat generation, and negligible fluid compressibility
effects

ρlcplūl · ∇Tl = kl∇2Tl (15)

It is to be noted that viscous dissipation due to flow in the narrow channel is also
neglected, since the Brinkman number, Br= u2

l Prl /cpl∆Tl , for the typical operating
conditions is found to be negligibly small∼10−9, whereul represents the characteristic
velocity scale. The temperature distributions in the Pyrex (Tp) and silicon (Ts) substrates
(Fig. 9) are governed by the following equations, respectively:

kp∇2Tp + q̇′′′j = 0 (16)

∇2Ts = 0 (17)

wherekp is the thermal conductivity of Pyrex (assumed constant), andq̇′′′j represents vol-
umetric heat generation within the substrate, generated by the heating element.

4.2.1.2 Evaporation within the Nanoporous Membrane

In order to determine the rate of evaporation inside the membrane pores, the vapor gener-
ated at the interface and its transport via diffusion and advection are quantified. The mass
flux due to evaporation at the liquid-vapor interface surrounded by an air-vapor mixture is
given by94

ṁ′′ =
2σ̂
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)1/2
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whereXv,eq and Xvi are the equilibrium and interfacial mole fractions of vapor phase,
defined aspv,eq/patm andpvi/patm, respectively, wherepv,eq andpvi denote the saturated
vapor pressure at temperatureTli and the partial pressure of vapor in the air-vapor mixture
in the immediate vicinity of the interface, respectively.Tli and Tvi represent the liquid
and vapor temperatures in the immediate vicinity of the interface, respectively.Ml is the
molecular weight of the evaporating liquid.

The rates of vapor transport by mass diffusion inside the membrane pores and by con-
vection due to the sweep air at the membrane outlet are given by Eqs. (19) and (20), re-
spectively
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DkMlpatm
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Tvi
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ṁ′′ =
h′Mlpatm
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(20)

whereXvo and Tvo represent the mole fraction and temperature of the vapor phase at
the membrane outlet, respectively;Dk represents the coefficient of combined Knudsen-
molecular diffusion63 across the lengthδv, which denotes the length of vapor column inside
the pore;h′ is the mass transfer coefficient for the transport of the vapor phase by air with
far-field coolant vapor mole fractionXv∞ and temperatureT∞. Based on the location of
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the interface inside the membrane pore, the possible values ofδv are given by 0≤ δv ≤ δm,
whereδm is the thickness of the membrane.

Assuming the vapor and membrane to be in local thermal equilibrium, the analysis
can be simplified by neglecting the temperature differenceTvi − Tvo. This assumption is
justified for thin ceramic (alumina) membranes (δm ∼ 10−6 m) with thermal conductivity,
km ∼ 10 W/m K, since the temperature difference across the membrane is>0.1 K even
for heat fluxes as high as 106 W/m2. The liquid and vapor at the evaporating interface are
assumed to be in thermal equilibrium, so thatTli = Tvi .66 In other words, the difference
in temperatures,Tvi − Tvo andTli − Tvi , are neglected whereas the differences in mole
fractions,Xvi − Xvo andXv,eq− Xvi , are still considered significant. This simplification
is justified because the temperature discontinuities are rendered negligible by the efficient
thermal transport across the solid phase of the ceramic membrane. On the other hand, the
differences in mole fractions are not negligible since vapor transport via diffusion is much
less efficient.

Using a completely dry sweeping air,Xv∞ = 0, the overall rate of evaporation per unit
area, after including the above-stated simplifications, is given by the following equation,
which takes into account the available area for evaporation via the membrane porosityε:

ṁ′′ =
patmMlXv,eqε

R̄Tvi

(
1

(2− σ̂) / (2σ̂)
[
2πMl/

(
R̄Tvi

)]1/2 + δv/Dk + 1/h′

)
(21)

Heat dissipation by evaporation within the thin porous membrane is approximated by a
uniform volumetric heat sink term,̇q′′′m , which is included in the energy conservation equa-
tion (22) for the membrane. The volumetric heat sink is derived from heat and mass transfer
balance for the rate of evaporation inside the membrane asq̇′′′m = ṁ′′ĥfg/δm. This allows
coupling between the modes of heat transfer occurring within and outside the membrane.
It is to be noted that the use of a volumetric heat sink term as opposed to a uniform heat
flux as a boundary condition in our analysis is pertinent to account for the variability in the
location of the liquid-vapor interface inside the membrane. Furthermore, due to extremely
small evaporation rates inside the membrane, convective heat transfer due to liquid and va-
por flow in membrane pores is neglected in comparison to the latent heat of phase change
and conduction across the solid structure of the membrane. The temperature distribution in
the membrane can hence be given by

km∇2Tm + q̇′′′m = 0 (22)

wherekm represents the volumetrically averaged thermal conductivity of membrane, which
is given by(1− ε) kal + εkl for a liquid-saturated membrane and by(1− ε) kal + εkv for
a dry, vapor-saturated membrane;kal, kl , andkv are the thermal conductivities of alumina,
liquid, and vapor phases, respectively.

Computational analysis of the problem for the domain shown in Fig. 9 is carried out by
solving the governing equations outlined above. For this study, the velocity at the liquid in-
let is assumed uniform and assigned a value corresponding to the flow rates realized in the
experimental study. The temperature of the liquid at the inlet is taken as the ambient condi-
tion. Since the liquid exiting the device is exposed to ambient conditions, a constant gage
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pressure is assigned at the liquid outlet. The heated surface denoted as “Heated Region” is
analyzed as a thin layer with uniform volumetric heat generation. The other passive sur-
faces are assigned convective boundary conditions, with a heat transfer coefficient typical
to natural convection. The sidewalls are assigned adiabatic boundary condition, represent-
ing walls that contribute negligibly to overall heat dissipation. The membrane surface is
assigned convective boundary conditions with spatially varying heat transfer coefficients,
which are determined from a separate computational analysis, which predicts the flow re-
sulting from jet impingement of air within the confined space at the membrane outlet.
Additional details on computational modeling and parameters are described in Ref. 67.

4.2.2 Experimental Study of Evaporation using a Microscale Device

4.2.2.1 Microscale Device for Investigation of Gas-Assisted Thin Film Evaporation

A microscale device, as shown in Fig. 10, fabricated using surface micromachining,64 con-
sists of three distinct layers. A device layer made on Pyrex constitutes an array of resistance
temperature detectors (RTDs) and heaters. An array of 36 RTDs are fabricated on Pyrex
substrate, with overall dimensions of 20× 20 mm. Pyrex is chosen since it allows op-
tical access to monitor evaporation and minimizes heat spreading due to its low thermal
conductivity. Square hotspots of sizes 250, 500, and 750µm are fabricated such that they
are centrally located and surrounded by RTDs, which are densely packed at the center to
record maximum temperature gradient when the hotspot is activated. The design of the
hotspot and RTDs allows localized heating and sensing capability to provide an accurate
thermal map during experimental testing. A second device layer facilitating fluid delivery
to the hot surface is made using silicon. This layer includes microchannels and ports for
delivery of liquid. More importantly, the device incorporates a nanoporous ceramic mem-
brane, which is monolithically integrated to minimize contact resistances and accurately
define the thickness of liquid film. The membrane confines a thin film over the heated sur-
face and provides a passage for the vapor phase generated by evaporation to diffuse into
the ambient as described before. A third intermediate adhesive layer bonds the Pyrex and

FIG. 10: A microscale device enabling study of thin film evaporation in confined environ-
ment, with a centrally located heater and a nanoporous alumina membrane (left), after inter-
facing with printed circuit board to communicate with external hardware (right) (reprinted
with permission from IOP Publishing, Copyright 2010).64
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silicon substrates. This layer also provides the necessary spacing between the silicon and
Pyrex substrates, essentially defining the coolant film thickness between the membrane
and the hotspot. A detailed description of the device fabrication process can be found in
Refs. 64 and 65.

4.2.2.2 Experimental Procedure

The performance of dry air-assisted evaporation is measured at different combinations of
liquid and airflow rates to determine the relative effect of single-phase convection and va-
por advection, respectively. These effects are studied using devices with different charac-
teristic dimensions of the film and membrane, while the heater dimensions in all test cases
presented herein are 250× 250µm2. The calibration of each RTD on the device is carried
out prior to the experimental testing, to obtain a linear correlation of each RTD’s resistance
response to temperature.64 The heater, activated using a DC power supply, causes Joule
heating at the location of the heater where the resistance is highest. The supply of air and
liquid are then initiated to enable evaporation and heat rejection to the ambient.

Jet impingement of air was implemented using nozzles of different internal diameters
connected to a compressed air supply. The air supply line was connected in series with a
flowmeter and a pressure transducer to measure the volumetric flow rate and gage pressure,
respectively. The nozzle for air jet impingement was held using a positioning tool so that
its separation from the heated surface and the angle of impingement could be controlled
with precision. The results presented herein correspond to normal incidence of an air jet
at different flow rates. The liquid used for thin film evaporation was deionized and deaer-
ated water, which was circulated using a syringe pump capable of precisely delivering flow
rates, and the temperature of the liquid at the inlet was measured using a calibrated thermo-
couple. The experiments were carried out at different air and liquid flow rates to determine
the overall heat dissipation via evaporation and sensible cooling.

4.2.3 The Effect of Liquid Flow Rate

4.2.3.1 Computational Study of the Effect of Liquid Flow Rate

The net rate of evaporation and heat dissipated at different liquid flow rates for a fixed
airflow is shown in Fig. 11. In order to determine the performance sensitivity to varying
liquid rates, the location of the liquid-vapor interface is held constant at the membrane
outlet, which eliminates vapor diffusion resistance within the membrane pores. Mathemat-
ically, this constraint is enforced by settingδv = 0. The effect of liquid flow is studied at
a fixed average jet velocity of 30 m/s and a variable inlet velocity of the liquid between
0.001 and 0.004 m/s. This corresponds to Reynolds numbers for liquid flow, Rel , ranging
from 0.25 to 1, where the Reynolds number is calculated as Rel = uldh/νl . The hydraulic
diameter for the thin film region isdh ∼ 10µm.

For relatively small flow rates (Rel ∼ 0.1), the heat dissipated due to conduction across
the film thickness is more efficient than advection or capacitive heating of the liquid flowing
between the membrane and the heated source. In this case, heat dissipation is primarily due
to evaporation. As the temperature of the heat source approaches saturation condition, the
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FIG. 11: Net heat flux dissipated versus heater temperature as a function of liquid flow rate
(Rel ∼ 0.25–1.25) for the microscale device illustrated in Fig. 10. The interfacial location is
fixed at the membrane outlet,δv = 0, which eliminates vapor diffusion resistance within the
membrane pores, and the average velocity of air exiting the nozzle is 30 m/s corresponding
to Rej ∼ 960 (reprinted with permission Elsevier, Copyright 2013).67

rate of evaporation and cooling are both enhanced. For an inlet velocity of 0.001 m/s, the
net heat flux dissipated at 360 K is 104 W/cm2. With a quadruple increase in liquid flow
rate, the rate of cooling can be enhanced to 192 W/cm2, a twofold increase.

For these operating conditions, the relative contributions of evaporation, convection,
and spreading to net heat dissipation from the heater are illustrated in Figs. 12(a)–12(c).
Note that for most calculations, the location of the interface was fixed at the membrane
outlet (δv = 0), which eliminates the resistance to vapor diffusion, while considering only
vapor advection resistance at the membrane outlet (∼1/h′). For performance comparison,
we include the total heat flux achievable when the vapor advection resistance is eliminated
(h′ → ∞), while considering the maximum resistance to vapor diffusion (δv/Dk, where
δv = δm). This allows comparing the effect of vapor diffusion within pores to vapor ad-
vection at the membrane outlet.

At a low liquid flow rate (Rel ∼ 0.25), evaporation and sensible cooling contribute
about 90% and 7% of net heat dissipation, respectively, and the remaining 3% is attributed
to spreading in the substrate. For a quadruple increase in liquid flow rate (Rel ∼ 1), the
relative contribution of single-phase convection is∼34%, which is still lower than the con-
tribution of evaporation of∼64%. The pressure drop to pump liquid across the thin film
region for inlet velocities of 0.001 and 0.004 m/s is 6.1 and 24.7 kPa, respectively, which
translates to a 16-fold increase in pumping power for a quadruple increase in liquid flow
rate. At a significantly higher liquid flow rate, Rel = 2.5, sensible cooling evidently super-
sedes contribution from evaporation [Fig. 12(c)]. The result demonstrates the enhancement
in net heat flux due to a higher contribution of single-phase convection at higher liquid flow
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(a) (b)

(c)

FIG. 12: Relative contributions of evaporation, sensible cooling, and substrate spreading
to the net heat dissipation from the heated surface. The coolant velocity was maintained
at (a) 0.001 and (b) 0.004 m/s, and (c) 0.01 m/s, corresponding to Rel = 0.25, 1, and 2.5,
respectively. The air velocity was fixed at 30 m/s, corresponding to Rej ∼ 960, based on jet
diameter. Interface locations at the membrane outlet and inlet are denoted byδv = 0 and
δv = δm, respectivelyh′ denotes the mass transfer coefficient (reprinted with permission
Elsevier, Copyright 2013).67

rates. In applications requiring cooling of small heat sources, the utilization of enhanced
advection is viable since the net pumping power is practically achievable. However, for
larger heat sources and applications such as membrane distillation, it is necessary to induce
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significant evaporation and rely less on capacitive cooling, which requires maximizing the
rate of vapor transport from the liquid-vapor interface.

4.2.3.2 Experimental Study of the Effect of Liquid Flow Rate

A microscale device with film and membrane thicknesses of 15 and 10µm, respectively,
was tested at different liquid flow rates, corresponding to inlet velocities of the liquid be-
tween 0.01 and 0.03 m/s. The air velocity was fixed at 65 m/s, for normally impinging
dry nitrogen gas from a circular nozzle, 1000µm in diameter, placed 1500µm from the
membrane surface with lateral dimensions of 800× 800µm.

The net heat flux recorded during the experiments, as a function of temperature of the
surface, is compared with the computational predictions for the matching operating condi-
tions. The computational results have been evaluated assuming a membrane fully saturated
with liquid, δv = 0. The inclusion of vapor diffusion resistance in the analysis introduces
a negligible variation in the predicted values of device performance due to the dominance
of sensible cooling. The results obtained from computational analysis for different liquid
flow rates are shown along with experimental observation in Fig. 13. It is apparent that by
combining evaporation and sensible cooling modes, heat flux in excess of 500 W/cm2 is
realizable with heater temperatures under 360 K. In this case, with Rel > 2.5, the contri-
bution of sensible cooling is in excess of 65%, as already shown in Fig. 12(c).

FIG. 13: Net heat flux dissipated at the heater for liquid flow rates much larger than the
rate of evaporation (Rel > 2.5). The sweeping air velocity was held constant at 65 m/s,
corresponding to Rej ∼ 4300 based on the air jet diameter at 20°C. The computational
simulations for performance characterization under similar operating conditions (shown by
dotted and continuous lines) assume an interfacial location pinned at the membrane outlet
(δv = 0) (reprinted with permission Elsevier, Copyright 2013).67
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4.2.4 The Effect of Airflow Rate

4.2.4.1 Computational Study of the Effect of the Airflow Rate

For the microscale device illustrated in Fig. 9, the net heat flux dissipated at different flow
rates for air jet impingement is shown in Fig. 14. The variation in airflow rate at the mem-
brane outlet corresponds to jet Reynolds number, Rej , between 320 and 1600, based on the
nozzle diameter, evaluated at 20°C. Contrary to the effect observed by increasing the liquid
flow rate, the incremental change in performance is not as significant for a commensurate
increase in airflow rate. In other words, a fivefold increase in air velocity from 10 to 50 m/s
demonstrates an enhancement of only 20% in the net heat dissipation. In this case, since
the contribution from the sensible heating of the liquid remains invariant, the enhancement
in rate of evaporation due to the variation in vapor advection can be determined. With
a fivefold increase in the flow rate, a 38% increase in the contribution of evaporation to
net heat dissipation is observed, although for these conditions the heat and mass transfer
coefficients at the stagnation zone are enhanced 2.5 times.

Clearly, the same extent of improvement in evaporative cooling is not observed, which
can be explained based on the combined effect of mass transfer coefficient, vapor pressure,
and interfacial temperature across the membrane. In a membrane fully saturated with the
evaporating liquid, the interfacial resistance to evaporation per unit area is negligible in
comparison to the vapor advection resistance. Therefore, from Eq. (21) it is clear that the
rate of evaporation varies ash′ (patmXv,eq) /Tvi = h′pv,eq/Tvi , where the expression within
the parenthesis denotes saturation pressurepv,eq at temperatureTvi. Although the mass
transfer coefficient,h′, increases by 150%, the increase in the average value ofh′pv,eq/Tvi

FIG. 14: The net heat flux dissipated versus heater temperature as a function of average
air jet velocity at the nozzle exit. The sweeping air velocity was varied between 10 and
50 m/s, corresponding to Rej between 320 and 1600, based on the air jet diameter at 20°C.
The inlet liquid coolant velocity was held constant at 0.003 m/s corresponding to Rel =
0.75. The computational simulations assume an interface pinned at the membrane outlet
(δv = 0) (reprinted with permission Elsevier, Copyright 2013).67
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over the surface of the membrane is only 38%, which matches the observed increase in the
net evaporative heat flux. Although enhanced mass transport can improve vapor advection,
a consequent decrease in the interfacial temperature and vapor pressure can depreciate the
net rate of evaporation. The combination of the three factors determines the net heat dissi-
pation. In order to improve the net rate of evaporation, it is essential to utilize a liquid with
a large evaporation potential,pv,eq/Tvi , and a highly efficient vapor advection mechanism
providing a large mass transfer coefficient,h′.

4.2.4.2 Experimental Study of the Effect of Airflow Rate

For the device features illustrated in Fig. 9, the inlet velocity for the liquid was set at
0.004 m/s, Rel = 1, and the device performance was studied for an average air jet velocity
of 30 m/s and 50 m/s from a normally incident air jet of diameter 500µm, anchored at
500µm from the membrane surface. The net heat flux dissipated at the heated surface is
plotted as a function of heater temperature in Fig. 15. Corresponding to these operating
conditions, the heat flux was also predicted using the computational analysis for interface
positions coinciding with the membrane inlet(δv = δm) and the outlet(δv = 0). The
predicted heat flux corresponding to interface locations at membrane inlet and outlet are
shown in Fig. 15. For both interface locations, with the sweep air velocities corresponding
to 30 and 50 m/s, the net heat flux dissipated from the heated surface at 360 K was found
to be close to 180 W/cm2. The net contributions of evaporation and capacitive cooling are
predicted as 65% and 35%, respectively, with negligible spreading into the substrate.

A comparison of experimental results with computational predictions demonstrates an
interesting observation. When the liquid flow rate at the inlet is held constant, the net rate of

(a) (b)

FIG. 15: The net heat flux dissipated versus temperature at the heater. The computational
simulations assume interfacial locations pinned at the membrane outlet (δv = 0), and inlet
(δv = δm). The average liquid velocity is 0.004 m/s, corresponding to Rel = 1 and the air
jet velocity is (a) 30 m/s, Rej = 960 and (b) 50 m/s, Rej = 1600 (reprinted with permission
Elsevier, Copyright 2013).67
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evaporation from the membrane is smaller at lower heat fluxes and it increases as the heater
temperature rises with higher heat fluxes. At lower heat fluxes, the experimental observa-
tions match well with computational predictions corresponding to the interface pinned at
the membrane outlet (δv = 0). On the other hand, at higher heat fluxes, they match the
predicted heat flux corresponding to the interface located at the membrane inlet(δv = δm).
This variation is indicative of the system self-adjusting its overall thermal resistance to
match the heat flux supplied at the heated surface.

4.2.5 Resistances Limiting Heat and Mass Transfer

Based on the net heat dissipated by evaporation alone and the temperature variation across
the heated surface and membrane inlet, the thermal resistances to heat conduction across
the liquid film and vapor advection at the membrane outlet are calculated for the device
illustrated in Fig. 9. Figures 16(a) and 16(b) compare the net thermal resistance to con-
duction and advection resistance, for different liquid and airflow rates, respectively. The
net thermal resistance decreases for a higher liquid and airflow rate. It is to be noted that
the decrease in net resistance at a higher liquid and airflow rate is mainly due to a cor-
responding decrease in thermal resistance due to liquid and air convection, respectively.
More importantly, the thermal resistance to convection across the liquid film and vapor
advection at the membrane outlet are comparable. Therefore, the overall rate of evapo-
ration can be increased by decreasing the film thickness or utilizing a highly conductive

(a) (b)

FIG. 16: Thermal resistance corresponding to conduction and vapor advection for (a) a
fixed air jet velocity of 30 m/s, Rej = 960 and variable liquid inlet velocities corresponding
to Rel between 0.25 and 1.25, and (b) a fixed liquid inlet velocity of 0.003 m/s, Rel = 0.75,
and variable air jet velocities, corresponding to Rej between 320 and 1280. The computa-
tional simulations assume an interfacial location pinned at the membrane outlet (δv = 0)
(reprinted with permission Elsevier, Copyright 2013).67
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porous structure within the thin film region along with a more efficient vapor advection
mechanism. While the film thickness can be easily controlled by altering the fabrication
process,64 it is however more challenging to enhance the overall rate of vapor advection
beyond that achievable using jet impingement of dry air. For a cooling mechanism based
on evaporation wherein the thickness of the liquid film can be easily minimized, the rate
of vapor advection eventually limits the net heat flux and distillate throughput.

4.2.6 Performance Improvement through Membrane Upstream Placement and
Air-Side Pressure Reduction

A route to improvement of this already highly successful cooling scheme can be envisioned
by recognizing that the conditions under which the best performance has been demon-
strated can be classified as mass transfer limited local cooling of the forced convection
liquid stream. The degree of local cooling of the liquid can be improved through reduc-
tion of the resistance to mass transfer, which is possible through the conceptually simple
and straightforward expedient of reducing the gas pressure, which increases the diffusion
coefficient of water vapor in the gas phase. The effectiveness of the reduction of liquid
temperature on raising the heat flux can be improved by positioning the membrane so that
the thermal perturbation has completely propagated across the micro-constriction prior to
being advected past the leading edge of the hotspot. These ideas are pictorially represented
in Fig. 17.

We investigated the potential impact of the patch upstream placement and use of va-
cuum-driven gas jets on the air side of the membrane to lower pressure and increase the
rate of water vapor removal through simulations in the CFD code FLUENT. We use a 2D
simulation to quantitatively predict the degree to which the performance of the current de-
vice might be improved. The simplified geometry for the simulations is depicted in Fig. 18.
We use a simplified the membrane treatment, using a specified heat flux boundary condition

q′′ = hT (T − Tair) + h′hfgρsat (23)

where the heat transfer coefficient,hT, and the mass transfer coefficient,h′, are obtained
from their values at a reference state, and we have assumed that the water vapor density in
the injected air stream is negligible. The variation of the heat transfer coefficient with pres-
sure is obtained fromhT = hT,ref (P/Pref)

n, where the variation with pressure arises from
the effect on density, andnis a number between 0.5 and 0.9. The mass transfer coefficient
is obtained fromh′ = h′ref (P/Pref)

1−n where the enhancement in mass transfer coeffi-
cient comes from the increase in diffusion coefficient with decreasing pressure. The mass
transfer coefficient at the reference state is obtained usingh′ref ≈ hT,ref

√
D/(kρc) |air,ref.

To find the saturation density of the vapor, we use the Clausius-Clapeyron relationship
combined with the ideal gas equation of state,

ρsat(T ) ≈ ρsat(Tref)
T

Tref
exp

[
hfg (T )

R

(
1

Tref
− 1

T

)]
(24)

Finally, the variation of the latent heat of vaporization with interface temperature is ob-
tained using a linearization,hfg (T ) ≈ hfg (Tref) + (dhlv/dT )|Tref

(T − Tref).
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FIG. 17: The cooling capacity of the evaporation membrane can be improved through
reduction of the resistance to mass transfer on the air side. When the liquid-side thermal
Peclet number is greater than unity, patch location optimization is linked directly to thermal
boundary layer growth, indicated in the figure with white curves. With the patch directly
opposite the hotspot, the leading edge of the hotspot sees no cooling effect, while much
of the cooling effect is wasted. With the patch upstream of the hotspot, the impact is en-
hanced in spite of a lower net rate of evaporation (due to lower mean liquid temperature
at the membrane). Simulations indicate that through the combined effect of reduced gas-
phase pressure and patch placement optimization the effect of the evaporative membrane
on forced convection cooling is increased by 300%.

FIG. 18: Simplified geometry for simulations to quantify potential improvement due to
patch placement and increased evaporation.

FLUENT simulations were performed for water using the boundary condition in
Eq. (23), withTair = Tref = 25◦C, hT,ref = 6000 W/(m2K), mean inlet velocity of 0.4 m/s
(corresponding to a Peclet number of 42), and inlet temperature of 25°C. The geometric
parameters include the hotspot width,WH = 250µm, microchannel height,H = 15 µm,
membrane width,WM = 750µm, and the membrane leading edge offset,D, varying from
250µm (membrane centered above hotspot) to 750µm. A pressure effect exponent,n =
0.5, was utilized. The hotspot uniform heat flux was increased in each simulation to find the
maximum heat flux for which the maximum local hotspot temperature did not exceed 85°C.
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A comparison of four forced convection cases with (i) no evaporative cooling applied,
(ii) evaporative cooling atPref = Patm andWH = 250µm, (iii) evaporative cooling atPref =
Patm/10 andWH = 250 µm, and, (iv) evaporative cooling atPref = Patm/10 andWH =
750µm was made. For the four cases, the maximum achievable hotspot heat fluxes were (i)
4 MW/m2, (ii) 4.3 MW/m2, (iii) 4.65 MW/m2, and (iv) 4.9 MW/m2. Thus, in the regime
of advection dominated cooling, where the application of the evaporative cooler results in
only a moderate (<10%) enhancement over simple forced advection cooling, the benefit
of the evaporative cooler can be dramatically increased. This increase can be a factor of 3,
through implementation of the combined strategy of mass removal enhancement via air-
side pressure reduction, and the upstream placement of the cooling patch to ensure that the
effect of reduced bulk liquid temperature is seen by the entirety of the hotspot.

5. SUMMARY AND FUTURE WORK

Evaporation plays a critical role in nature and myriad industrial applications such as water
desalination, catalysis and fuel cells, combustion and fire extinguishing, and heating and
air-conditioning. In particular, heat dissipation via evaporation has been extensively studied
and demonstrated in various electronic cooling strategies. These take advantage of evapo-
ration of water and dielectric liquids via shear-driven liquid flow, spray and mist, micro-
and nanostructures, electrowetting, and chemically functionalized surfaces to achieve rela-
tively high cooling performances. However, the problem of dissipating heat from electronic
devices has grown from being an important concern to becoming a widely recognized bot-
tleneck limiting further progress of high-performance microelectronics. This chapter de-
scribes how gas-assisted evaporation can be leveraged to address these thermal demands in
electronics.

For high-power electronics, a hybrid approach, using on-demand and spatially con-
trolled droplet impingement in combination with conventional forced air cooling, enables
evaporative enhancement in the performance of conventional air-cooled heat sinks. The
experimentally observed gains in performance, including a drop in the heated surface tem-
perature by∼15% and∼50% increase in power dissipation, have been demonstrated as
compared to an equivalent air-only cooled heat sink. This motivates further in-depth stud-
ies to improve performance of the hybrid thermal management scheme, including (i) better
design of film spreading finned surface, (ii) matching the flow rates of air and mist to
achieve complete evaporation with neither flooding nor dry-out of the heat transfer sur-
faces, (iii) optimization of size and speed of ejected droplets and mist delivery duty cycle,
to minimize convective heat and mass transfer resistance across the liquid film created by
impinging droplets, and (iv) the development of an on-demand control system capable of
dynamically adjusting mist delivery to desired domains of the heat sink that experience an
increase in the dissipated power or surface temperature.

A new approach to evaporative cooling using microscopically thin liquid films is also
presented to address emerging thermal challenges in current and next-generation electron-
ics. Membrane-enabled gas-assisted evaporation relies on capillary confinement of liquid
using nanoporous membranes rather than hydrodynamics to define the film thickness. Con-
sequently, it allows for precise control of the liquid film, making it as thin as possible to
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minimize the thermal conduction resistance. At the same time, the overall mass transfer of
vapor phase is maximized by using a dry sweeping gas. The operation and performance
characterization of a microscale device leveraging gas-assisted thin film evaporation pro-
vided heat fluxes>600 W/cm2, and overall heat transfer coefficients>90 kW/m2 K. A
detailed theoretical analysis of interfacial transport during evaporation of water confined
within nanopores was carried out, highlighting the advantage of using thin film evaporation
over single-phase cooling. In addition, a detailed characterization of the microscale device
also reveals the presence of multimode heat transfer to remove extremely high heat fluxes.
It is clear that membrane-enabled thin film evaporation promises even higher cooling per-
formance. However, this requires further research in several directions, some of which are
mentioned below.

The current understanding of interfacial transport inside nano-capillaries will be sig-
nificantly enhanced if the following factors are elucidated.

1. The disjoining pressure arising due to the electrostatic interactions is calculated us-
ing Langmuir’s equation for thin films of a dilute electrolyte on a surface of high
intrinsic electric potential. In order to include electrostatic interactions between var-
ious surface-liquid pairs, an alternative and more accurate analysis for a broader
range of ionic strengths of electrolytes needs to be carried out for the free charge
and electric potential distribution in polar solvents. The electrostatic disjoining pres-
sure can then be obtained from these distributions and incorporated into the analy-
sis.

2. The current study demonstrates interfacial characteristics and transport when water
wets the surface of the membrane pores. Since the use of a hydrophobic membrane
is an essential alternative for implementing this cooling mechanism, a theoretical
analysis of interfacial transport of water confined by nonwetting pores is essential,
and is yet to be reported in the literature.

3. In a highly curved meniscus within a nanopore, a liquid-vapor interface can “see
itself.” Consequently, vapor emitted from one region of the interface can directly
condense onto another region of the interface. This effect of vapor re-condensation,
arising purely due to geometric effects, needs to be accounted.

4. Evaporation flux from an interface is calculated using the Shrage equation derived
from kinetic theory. The application of classical kinetic theory, with an accommoda-
tion coefficient of unity, requires further review, especially for the analysis of evap-
oration within nanoscale geometries. A recent publication discusses some of these
aspects in detail.105 In typical experiments characterizing evaporation, macroscale
effects often dominate, resulting in low heat fluxes. Consequently, local effects aris-
ing from near-interface transport are not critical. However, as heat fluxes approach
the theoretical sonic limit for vapor removal, as deemed necessary in future high-
power electronics, the local effects become prominent. As a result, a detailed un-
derstanding of non-continuum transport and deviation from classical kinetic theory
requires further elucidation.
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