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Executive Summary

In this research program, we aimed to understand fundamentals of liquid-vapor phase change at
small-scale and to develop a bio-inspired thermal spreader. In the first budget period, we
developed a new concept and corresponding material structure that breaks the limit of phase-
change heat transfer (Leidenfrost limit). The developed concept, decoupled hierarchical
structures, is implemented in both Si and Cu structures. In the second budget period, we studied
fundamentals of liquid-vapor phase change in a controlled evaporation chamber to tune and
measure interfacial mass and heat transfer at an evaporating interface. We formed a predictive
model based on the non-equilibrium thermodynamics that can predict mass and energy flux
independently. In contrast with the current gas kinetics models, the developed model satisfies
both momentum and energy conservations. This model provides groundwork for all the liquid-
vapor phase-change studies. In the other task of this research program, we studied limits of
evaporative heat flux in nano-confined geometries. We studied thin-film evaporation in
nanochannels under absolute negative pressure in both transient and steady-state conditions. The
findings suggest that thin-film evaporation in nanochannels can be a bubble-free process even at
temperatures higher than boiling temperature providing high reliability of thermal management
systems. To achieve this bubble-free characteristic, the dimension of nanochannels should be
smaller than critical nucleolus dimension. In steady-state condition, unprecedented heat flux of
14274 Wem™ is achieved in the nanochannels, which corresponds to liquid velocity of 0.26 ms™.
This ultra-high heat flux is demonstrated for a long-time period. The developed structure
provides a rational route to design thermal management technologies for high-performance
electronic/photonic devices.

In the third budget period, we studied interfacial phenomena at Knudsen layer adjacent to liquid-
vapor interface. We solved Boltzmann Transport Equation (BTE) through Mont-Carlo simulation
of vapor phase at the liquid-vapor interface. These simulations provided a molecular-scale
insight on physical phenomena occurring at liquid-vapor interface. The determined temperature
profile in Knudsen layer by these simulations addressed the /long-debated temperature
discontinuity at the liquid-vapor interface. Despite measured temperature discontinuity up to 15
°C at evaporating interface of liquid-vapor, we proved that the measured discontinuity is a
function of vapor boundary condition and is not an intrinsic characteristic of liquid-vapor
interface. This finding closes the discussion on the correct thermodynamic boundary conditions
needed to be used to determine kinetics of evaporation. As we have a plan to achieve extreme
heat fluxes close to kinetics limit, we tried to eliminate momentum limit of liquid transport
through slip boundary condition at solid-liquid interface. Through a well-customized approach,
we grafted monolayer of Graphene on nanochannels. The slip boundary condition imposed by
Graphene resulted in an order of magnitude higher mass flux in the nanochannels. This higher
mass flux provided a route to boost heat dissipation capacity of nanochannels and develop heat
spreaders for extreme environments.

Research Tasks

Miniaturization has been the hallmark of electronic and photonic instruments in the last few
decades. The miniaturization efforts span in an enormous range of dimension from nanoscale
transistors to thumbnail- sized chips, smartphone, vehicle electronic and server farms. This
miniaturization accompanied by enhanced functional density necessitates enhanced heat
dissipation, which has been the bottleneck of further advancement in these technologies. The
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current CPU power densities have reached to several hundred Watt per square centimeter. This
constantly growing CPU power density has introduced a high demand for advanced cooling
systems. A range of approaches has been studied to address this high heat dissipation challenge
including jet impingement, sprays, and micro-channels. However, thin film evaporation with
nanometer fluid thickness is considered as one of the most promising approaches to address the
future demands. Although addressing space-averaged heat flux in electronic components is one
aspect of the heat management, instantaneous local hot spots are mostly the main source of
failure in the electronic/photonic devices. In other words, the instantaneous local high heat fluxes
above the cooling limit of the heat dissipation system cannot be accommodated by the system
and cause the failure. Most of the studies in the heat dissipation by thin film evaporation are
focused on steady-state operation and are aimed to boost the space-averaged dissipated heat flux.
However, addressing the transient hot spots remains to be an open challenge. Here, we present a
new idea inspired by transpiration system in the plants to develop smart thermal spreaders that
can both manage the high heat flux and accommodate the instantaneous local hot spots. This new
thermal spreader accommodates the instantaneous local hot spots in a smart fashion with no need
for external control. The research program herein will be launched by fundamental studies of
thin film evaporation in the nano-pores through a unique platform.

Research Tasks

Task 1: Experimental Study of Evaporation in Nano-Scale Confinements

Miniaturization has been the hallmark of electronic and photonic instruments in the last few
decades. The miniaturization efforts span in an enormous range of dimension from nanoscale
transistors to thumbnail-sized chips, smartphone, vehicle electronic and server farms. This
miniaturization accompanied by enhanced functional density necessitates enhanced heat
dissipation, which has been the bottleneck of further advancement in these technologies'>. The
current CPU power densities have reached to several hundred Watt per square centimeter. This
constantly growing CPU power density has introduced a high demand for advanced cooling
systems'". A range of approaches has been studied to address this high heat dissipation challenge
including jet impingement'®, sprays'> and micro-channels'®'’. However, thin film evaporation
with nanometer fluid thickness is considered as one of the most promising approaches to address
the future technological demands'®>". The thickness of liquid film in this phenomenon should be
in nanometer scale to reduce thermal resistance for heat transfer. Thin film evaporation
phenomenon in micro/nanostructures is a coupled multi-physics momentum transport, energy
transport, and gas kinetics problem. The momentum transport governs the liquid flow to the
liquid-vapor interface; the energy transport governs the heat transfer to the interface, and the gas
kinetics governs the evolution of molecules from liquid phase to the vapor phase. Depending on
time scale, length scale, and the thermodynamic properties of the liquid-vapor interface, each of
these physics imposes a limit on the kinetics of thin film evaporation. On the momentum
transport aspect, miniaturization of the electronic devices and consequent cooling systems
increases hydraulic resistance of the fluid flow. As the radius of confinement for the fluid flow
decreases, the fluid transport to the liquid-vapor interface becomes limited. On the energy
transport aspect, the energy transport to the liquid-vapor interface is a function of solid-liquid
thermal conductance, liquid-vapor thermal conductance and thermal diffusivity of the thin film
of liquid. The dimension of nanostructures falls below the critical dimension of structure is

defined as L. = CGLCkL, where C; denotes heat capacity of liquid, k; is the liquid thermal

N

conductivity, G is the thermal conductance of liquid-vapor interface and C; heat capacity of
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solid. For metal-water interfaces, G is in order of 100 MWm™?K™' and L, will be in order of 30
nm. Thus, if the length scale of solid structures falls below this critical length scale, the role of
interfacial energy transport becomes important and will appear in thermal management picture.
On the gas kinetics aspect, thin film evaporative mass flux is limited by the net flux of molecules
from the liquid-vapor interface to the vapor phase. Currently, there are three main theories on the
evaporation phenomenon; Hertz-Knudsen model’'** (HK), Statistical rate Theory (SRT) and
Non-equilibrium thermodynamics (NET). Summary of these theories are discussed above. As
shown by Plawsky et al. the predicted limit of heat flux through kinetic theory is in order of 10’
Wem™, Furthermore, the molecular simulations by Maroo and Chung’® shows the same order of
10° Wem™ of gas kinetics limit which is far from the limit of current technologies. Thus, the
current limit of thin-film evaporation is imposed by momentum transport.

Early in the development of micro/nanostructures for thin film evaporation, research studies only
focused on transcending the momentum transport limit by optimizing geometry of
micro/nanostructure of the thermal spreader. These include superhydrophilic micro and
nanostructures such as micro-pillar arrays’*>’, copper micro-posts®, sintered wick
microstructures””, multi-artery***', and carbon nanotubes**™ to transport the liquid via capillary
force. In capillary-driven fluid flow, the capillary pressure and viscous pressure are coupled to
each other. As we move to smaller pore radius, the hydraulic resistance increases and eventually
fluid flow will stop. Thus, the maximum liquid flow rate with optimized geometry on the
micrometer scale is limited with capillary pressure on the order of 10 kPa. However,
development of bi-porous approach*' allowed to raise the limit imposed by the momentum
transport. In this approach, the viscous pressure of fluid flow is divided in two parts, (I) the long
length of fluid flow occurs in micro-channels with small hydraulic resistance (II) the short length
of fluid flow occurs in the nanochannels with high hydraulic resistance. Thus, the overall small
hydraulic resistance allows raising the limit of heat flux imposed by the momentum transport.
The calculations by Xia et al.* shows that with 1 pum length scale of fluid flow in nano-
membrane with porosity of 24%, interfacial heat flux in the value of 5000 Wem™ could be
achieved. In another interesting work, Li et al.’* explored limits of evaporation in nanoscale
conduits. Capillary driven-evaporation was conducted at the mouth of nanochannels. The studied
structure was composed of a nanochannel with a step in height. The capillary pressure gradient
between two sections with different heights transported liquid from the larger side to the smaller
side for evaporation. By probing the motion of liquid in the large channel, evaporation rate in the
smaller channel was extracted. The authors found a kinetic limit of evaporation at the mouth of
nanopores. This limit was independent of outward diffusion of vapor molecules. In contrast with
other predictions, they suggested that this limit ~ 8500 Wem™ corresponding to flow velocity of
0.04 ms™ is imposed by kinetics of molecules motion form liquid to vapor phase. In addition,
they suggested that value of evaporation coefficient of Hertz-Knudsen model can be higher than
1. In another study, by Radha et al.” limits of capillary evaporation in nanochannels with height
in the range of angstrom is explored. A multi-layer of Graphene is used to develop these
nanochannels. With water contact angle of 55-85° on these Graphene sheets, flow velocity of 0.1
ms"' was achieved. The authors found that momentum transport is the limiting factor nor
diffusion and kinetics of liquid molecules transformation to vapor phase. Although great strides
have been made to achieve higher limits, much work remains to be done to reach gas kinetics
limit of evaporation.
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Here, we utilized concept of liquid absolute negative pressure in nanochannels to achieve
unprecedented heat fluxes through thin-film evaporation. For a curved interface, Yonge-Laplace
equation governs pressure discontinuity across the interface and is written as PV — Pt =
o (C, + C,) + TI, where PL denotes the liquid pressure, PV is a vapor pressure, o is a liquid-
vapor surface tension, and C; and C, are two principals curvatures of the interface and II is a
disjoining pressure. The disjoining pressure that describes the water-surface interaction
dominates at scales < 100 nm’*, but rapidly decrease at larger scale. For a hydrophilic solid-
liquid-vapor combination, as the curvature of a liquid-vapor interface increases, the liquid can
adopt negative absolute pressure.

Figure 4. a) Developed nanochannels and micro-reservoirs on Si wafer after anodic bonding. The whole
structure is sealed with borosilicate glass. There are two holes in the glass to facilitate the fluid
introduction. The scale bar is Imm. b) five sets of channels developed on 2 inches Si wafer. The scale bar
is Smm. ¢) SEM image of the nanochannels, tilted along the axis perpendicular to the width-height plane
with a tilt angle of 45°. The scale bar is 2 wm. d) The top view SEM image of two individual
nanochannels. The scale bar is 5 mm. AFM characterization of e) one individual nanochannel f) two
nanochannels before anodic bonding indicating the uniformity and accurate dimension of channels.

That is, the liquid is under a tension, which is a metastable thermodynamic state, but stable
. d . . . .
mechanical state (a—:: < 0). At centerline of the liquid-vapor interface, the principle curvatures

are written as C = cos 6/r, where 8 represents the contact angle and r the radius of a
confinement. High curvature interfaces can be developed in nanoconfined geometries (e.g. small
r). The negative pressure at the liquid-vapor interface provides a substantial driving force for
liquid flow to the interface for evaporation, which raises the limit of momentum transport. Here,
we studied both transient and steady-state characteristics of thin-film evaporation under negative
pressure in nanoconfined geometries and demonstrated that heat flux in order of 14 = 1 kWem™
is achieved in steady-state condition.

To achieve negative pressure at the liquid-vapor interface, we fabricated an array of closed
nanochannels as shown in Fig. 4a. The fabrication processes were conducted on a 2 inches-
diameter and 0.3 um thick silicon wafer with photolithography, two steps of reactive ion-etching



and anodic bonding. In the first step, the positive photoresist (AZ1512) was coated on the silicon
wafer using a spin coater (Brewer Cee 200 Spin Coater) in order to reach 2 um thickness (figure
S1.b). The geometric pattern was designed on solid works and transferred on to a 4 inches
chrome mask with a resolution of 1 um. The optical mask was used to pattern the photoresist
through exposing it to UV irradiation (ABM Mask Aligner. Then the sample was immersed in
AZ-300 developer, washed with deionized water and dried with Nitrogen flow. The nano-
channel patterns were etched into the silicon wafer using reactive ion etching (Oxford Plasma
Lab ICP 180 RIE). The sample was washed with acetone, alcohol, deionized water and
subsequently dried with Nitrogen flow. All the steps including spin coating and photolithography
were repeated to make the micro-reservoir patterns. The micro-reservoir patterns were etched
deeper by enhancing the etching power and time. These micro-reservoirs pump the fluid to the
channels via capillary force for evaporation. Borosilicate glass with a thickness of 1.1 mm was
used to seal the channels through anodic bonding (AML AWB-04 Aligner Wafer Bonder).
Initially, two holes were drilled on the glass in order to facilitate the introduction of the fluid to
the micro-reservoirs. Next, the silicon wafer and borosilicate glass were dipped into piranha
solution (H,SO4: H,0,=3:1) for 15 min. After cleaning, the silicon wafer and borosilicate glass
were bonded together by the anodic bonding process carried out for 10 min at 400 °C with a
voltage of 700 V.

The developed structure is made up of 9 sets of nanochannels and two micro-reservoirs placed
perpendicularly along the two ends of the nanochannels. Each set of nanochannels consists of 11
separate channels with width of 6 wm, depth of 180 nm and length of 1.6 mm. The reservoirs are
2 mm in width, 4 mm in length and 25 um in depth. These micro-reservoirs pump the liquid to
the channels via capillary force for evaporation. We developed five sets of channels in each Si
wafer, Fig. 4b to boost the number of samples and reduce error in our measurements. The
geometry of the channels was examined with Scanning Probe Microscopy (SPM) and Scanning
Electron Microscopy (SEM), as shown in Fig. 4c-4f, respectively. As shown, the developed
channels are highly uniform and consistent. This consistency allows us to have a sound
interpretation of the experimental results. Borosilicate glass with a thickness of 1.1 mm was used
to seal the channels through anodic bonding. The developed nanochannels were cleaned
thoroughly before the experiments through plasma cleaning. We chose isopropyl alcohol as the
working liquid in all experiments as it provides complete wettability of Si nanochannels and
contact angle close to zero.

A schematic of an evaporating interface inside a 2D nanochannel is shown in Figure 5. As

r . h h 1-sin @ h
shown, cos 8 = a and sinf =1 — = » one can find = osp Therefore, by measurement of —,
T

contact angle can be determined.

Figure 5. Schematic of liquid-vapor interface inside a 2D nanochannels. 6 denotes a contact angle, r is the
dimension of nanochannels, h is the centerline depth, and L is the liquid phase length.



The liquid-vapor interface for one set of nanochannels is shown in Figure 6. The values of h and
r were measured through image processing and the values of contact angles in the nanochannels
are presented in Table 3.

Figure 6. One set of nanochannels used to measure contact angle. Channel 1 is a first channel from the
top. The scale bar is 20pm.

Table 3. Contact angle for one set of nanochannels

nanochannel r (um) h (um) h/r 0(°)
1 2.25 2 0.888 6.66
2 23 2.2 0.956 2.34
3 23 2.1 0.913 5.39
4 24 2.2 0.916 4.77
5 24 2.2 0.916 4.77
6 2.35 23 0.978 1.15
7 24 23 0.958 2.34
8 2.5 23 0.920 4.77
9 2.5 24 0.960 2.34
10 245 2.2 0.897 6.02
11 24 23 0.958 2.34

Two length scales should be considered in the nanochannels, to determine principle curvatures,
width and depth. Considering these scales, the liquid pressure at the liquid-vapor meniscus is -
158.5- -90.4 kPa. The liquid pressure at liquid vapor interface is calculated through Young-
Laplace equation, Ap = oC, where Ap = p,, — p; is a pressure discontinuity across the liquid

vapor interface. p,, denotes the vapor pressure and is equal to pgrm = 10° Pa, P is a liquid
pressure, ¢ is surface tension of the liquid and C is a curvature of the liquid-vapor interface

which can be expressed as C = Ri + Ri, where R; = 90 nm is half of the channel’s height and
1 2



R, = 3 um is half of the channel’s width. Taking the dependence of surface tension on
temperature, liquid pressure at different temperatures is determined and tabulated in Table 4.

Table 4. Surface tension, liquid pressure and critical radius of bubble nucleation at various temperatures.

Temperature (°C) o (%N) P, (k Pa) R; (nm)
25 22.6 -158.5 275
38 21.6 -146.9 268
55 20.2 -130.7 250
70 19 -116.6 214
75 18.7 -113.7 198
80 18.3 -108.6 183
85 17.9 -104 166
90 17.5 -99.5 150
95 17 -93.8 133
100 16.7 -90.4 118

Once the nanochannels are developed, we studied thin film evaporation under negative pressure
in two regimes: (1) Transient evaporation and (2) Steady-state evaporation.

The schematic of experimental setup for transient and steady state experiments are shown in Fig.
7a, 7b, respectively. Note that in the steady state experiment a droplet of working fluid on the
cold micro-reservoir constantly provides liquid for evaporation. The evaporation experiments
were conducted at isothermal condition for transient evaporation and locally heated conditions
for steady state evaporation. The experimental set-up for isothermal evaporation experiment can
be observed in Fig. 7a. Silicon rubber heater (Omega, SRFG-101/10-P), connected to a DC
power supply, was used as a heater in all experiments. Isothermal evaporation experiments were
performed at different temperatures (ranging from 25°C to 100°C). Temperature was measured
through the K-type thermocouple connected to the thermometer. The thermocouple was fixed on
the silicon wafer using a thermal paste. The developed nanofluidic device was cleaned through
plasma cleaning before each set of experiment to avoid any contamination, and then it was filled
with isopropyl alcohol and installed on top of the heater. It should be mention that one thick
insulator layer (Buna-N/PVC foam) was put underneath of the heater to reduce the heat loss. The
outlet of one micro channel was covered by tape in order to suppress the evaporation at that
reservoir. Therefore, evaporation took place faster at uncovered micro reservoir and continued to
the nanochannels from one side till it dried out completely. Initiating evaporation from one side
at nanochannels enabled us to precisely track the liquid vapor interface. A high-speed camera
(AMETEK, VRO0315, 70 frames per second) connected to the optical microscope (Nikon,
ECLIPSE LVI100ND) was used to monitor the liquid vapor interface movement. The
experimental set-up for locally heated evaporation experiment is presented in Fig.7b. The set-up



is almost the same as the isothermal evaporation experiment. The only difference is that in this
experiment the chiller was paired to the heater to cause the temperature difference across the
nanochannels to obtain the steady state of evaporation. It should be mention that during the
experiment, a droplet of IPA was placed on the outlet of the cold reservoir to make sure
sufficient supply of liquid to the interface is provided.

a omputer
( ) Ii Computer (b) I— Comput

Microscope coupled with Micrpscope coupled with
high speed camera high speed camera

\—‘ Thermometer
- ==

evaporation IPA o—

Thermal paste Silicon
T Heater

evaporation IPA
Silicon
— Heater

Insulator

Power supply
Power supply

Figure 7. Schematic of experimental set-up a) for a transient thin film evaporation in nanochannels. b) for
a steady state thin film evaporation.

In transient experiments, we studied motion of liquid-vapor interface in a nanoconfined
geometry. Initially, working fluid was introduced from one micro-reservoir to completely fill the
channels and the other micro-reservoir. The nanochannels were examined under an optical
microscope (Nikon, ECLIPSE LV100ND) to ensure no trapped air bubbles in the channels. The
experimental setup is placed on an isothermal platform with temperature varying between 25°C
to 100°C. Since one of the micro-reservoirs were sealed, the evaporation initiated from the other
reservoir and continued in the channel up to reaching the other reservoir. The motion of liquid-
vapor interface was probed through high-speed imaging (Phantom 711, vision research) coupled
with the optical microscope. Figure 8 shows the isothermal evaporation in nanochannels at
55°C, 75°C and 95°C at different times. The liquid phase looks dark while the vapor phase is the
brighter stream. The remarkable aspect of these experiments is absence of any bubble in the
channels at temperatures more than the boiling temperature of the working liquid (i.e. isopropyl
alcohol) at ambient pressure, which is ~ 83 °C. Although we were expecting to move from thin-
film evaporation regime to nucleate boiling at higher temperatures than boiling temperature, we
did not observe any bubble formation. Note that the liquid in the nanochannels is at lower
pressure than atmospheric pressure resulting in lower boiling temperature according to Clausius-
Clapeyron equation. Formation of bubble in channels leads to instabilities, back flow and
formation of hot spots and consequently is undesirable in thermal management devices. The
fundamental underpinning of this exciting feature comes from thermodynamics of bubble
formation. In a liquid-vapor system, a nucleus of vapor/gas should adopt a critical radius before
further growth. The critical radius of spherical bubble (R,) is written as

2 O'LV

P, exp <;\,7—;, (PL — Ps)> — pL 4

R, =



where v; denotes specific volume of the liquid and Py is the saturation pressure. For the given
thermodynamic state of liquid in the nanochannels, the minimum critical radius of spherical
bubble is ~183 nm. This length scale is more than the depth of nanochannels. That is, if a vapor
nucleus forms in the nanochannels, it cannot adopt the critical radius and grow further. Thus, the
minimization of energy (i.e. maximum entropy principle) requires the vapor nucleolus collapse.
Although the length scale in width dimension of nanochannels is more than the critical nucleolus
dimension, formation of stable ellipsoid vapor/gas bubble was not observed. We conducted more
than 20 experiments at temperatures higher than boiling temperature and no bubble formation
was observed. This fact is also shown by molecular dynamic simulations of Maroo and Chung™.
This suggests that we can keep thin-film evaporation in nanochannels even at high temperatures.
Through image analysis, we determined transient coordinate of liquid-vapor interface for three
nanochannels as shown in Fig. 9a-9c¢. The corresponding velocity in these channels as a function
of temperature is determined as shown in Fig. 9d. The uniform dimension of nanochannels and
isothermal condition provide a consistent average velocity for all the studied channels.

T=55°C

T=75°C

T=95°C

Figure 8. The isothermal evaporation at nanochannels is probed using a high-speed camera to determine
the average velocity of interface and determine the local heat flux. (a), (b) and (c) show the isothermal
evaporation experiment performed at 55°(d), (e) and (f) at 75°C, and (g), (h) and (i) at 95°C, for 0.41s,
0.82s and 1.24s after beginning the evaporation at nanochannels, respectively. No bubble formation was
observed at 95°C which is higher than boiling temperature of IPA. The scale bar is 50 wm.

The velocity of receding liquid-vapor interface increases monotonically with temperature and
interestingly reaches a plateau at high temperatures. No further increase in temperature affects
the velocity of receding interface. Note that although temperature of substrate is higher than
boiling temperature in some cases, the liquid remains at saturation temperature during
evaporation. Furthermore, corresponding interfacial heat flux at these nanochannels is shown in
Fig. 9e. The fundamental question is how fast an evaporating liquid-vapor interface could move
in nanochannels.
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Figure 9. a), b) and c) Liquid vapor interface as a function of time for three individual channels at
different temperatures ranging from 25 to 100°C. d) The average velocity of liquid-vapor interface as a
function of temperature for three individual channels. The velocity increases as temperature increases and
reaches a plateau at higher temperatures. e) The corresponding local heat flux as a function of
temperature.

This phenomenon can be realized through fundamental of thin film evaporation and fluid
dynamics of an evaporating liquid-vapor interface. Thin film evaporation should be viewed in
the context of an evaporating meniscus, which can be divided into three regions including bulk
meniscus, transition region and an adsorbed film, Fig. 10. Theories on thin-film evaporation
suggest diverging evaporative flux in the transition region. This fact is shown both for diffusion-
limited evaporation discussed by Hu and Larson’® (valid for low evaporation fluxes) and energy
approach discussed by Ghasemi and Ward’”®. That means the evaporation flux along the
liquid-vapor interface is not uniform. The diverging local evaporation flux in a transition region
requires liquid flow to this region from the bulk meniscus region. Otherwise, the high
evaporation flux in the transition region changes the contact angle close to /2, which is not in
agreement with the measurements. The contact angle of liquid in nanochannels is always below
7/2 and could change between 2-7°. For the liquid flow from the bulk meniscus to the transition
region for constant contact angle, the viscous dissipation (FV) should be balanced by the applied
momentum on the liquid-vapor interface. Through analysis of this balance, one finds that

average velocity of liquid-vapor interface is written as V = 6u+n(1) 6p (6p° — 6,%), where p

denotes dynamic viscosity, a thickness of adsorbed film, 6, dynamic contact angle, and 6,
equilibrium contact angle. This velocity form has two consequences. For 8, = 6,, velocity of

11



liquid-vapor interface is zero. That is, no imposed force on the contact line (i.e. no evaporation
and no induced recoil pressure). By increasing the evaporation flux and corresponding recoil

force, the velocity of liquid-vapor interface increases and reaches a maximum corresponding to
g

Vi = SVaandD 6,>, (i.e. dV/d6, = 0). For low values of 8;, velocity of liquid-vapor interface
a

drops. That is, at highly sharp-edged liquid-vapor interface, viscous dissipation of liquid flow to
the transition region is so high and does not allow sufficient fluid flow to transition region for
evaporation. Looking back at the experimental results suggest that at low temperatures, the
contact line velocity is monotonically increases with temperature. However, at high temperature,
the contact line attains a maximum velocity as discussed and any further increase in the
temperature of substrate does not affect the velocity of interface. The maximum velocity of
contact line is 160-180 ums™. If one includes this velocity range in the maximum velocity
formulation, we attain equilibrium contact angle of 4°, which is completely consistent with the
measured contact angles (i.e. 2-7°).

Bulk meniscus
Transition region

Strong evaporation
\ \ / Liquid flow

! Recoil force |

Adsorbed \ ! /
film - |
— !

I

|

Evaporation flux
~0

Figure 10: A schematic of profile of liquid-vapor interface. High evaporation flux in the transition region
leads to strong recoil pressure and change of local contact angle.

This suggests that dynamic of a contact line in the confined geometries is limited by viscous
dissipation of liquid flow in the meniscus. The evaporative heat flux for the transient
experiments is shown in Fig. 9e. The interfacial heat flux of a moving contact line is limited by
liquid flow to transition region and cannot adopt high values. Higher limits of heat flux can be
obtained for larger equilibrium contact angle. However, if a stationary contact line is achieved
(i.e. steady-state condition), this limit of fluid flow to the transition region could be omitted and
high heat fluxes can be achieved. We explored this characteristic in the next section.

The schematic of the setup for steady-state evaporation is shown in Fig. 11. The objective in
these studies is to explore limits of thin-film evaporation under negative absolute pressure. As
shown, the micro-reservoirs are kept at two different temperatures. Initially, working fluid was
introduced from one micro-reservoir to completely fill the channels and the other micro-
reservoir. The nanochannels were examined under an optic al microscope to ensure no trapped
air bubbles in the channels. A chiller and a heater were paired and put underneath of the structure
to provide a temperature difference across the structure. An insulating layer was used to separate
the chiller and heater. The chiller was located under the cold reservoir, while the heater was
located under hot reservoir. The chiller’s temperature was kept fixed at 16 °C and the heater
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temperature was adjusted at three different temperatures including 20 °C, 40 °C and 60 °C. Once
the temperature field is imposed, evaporation initiates from the hot reservoir until the reservoir is
depleted. Then, the evaporating interface moves in the nanochannels.

Liquid under
negative pressure

vapor outflow
Micro reservoir
Micro reservoir

Controlled
Heaters/Coolers
Figure 11: Schematic of the locally heated evaporation experiment to explore the maximum evaporation
heat flux is shown. Evaporation takes place from the hot micro-reservoir and continues to the
nanochannels.

The coordinate of liquid-vapor interface in the nanochannels were visualized by the optical
microscope. Figure 12 shows the motion of liquid-vapor interface at hot reservoir temperature of
40°C at various times. The length of liquid phase at nanochannels decreases until it reaches to a
specific coordinate with no further motion. At this specific coordinate, the capillary pumping of
fluid by the cold reservoir is balanced by the evaporating mass flux at the liquid-vapor interface
and a steady-state evaporating condition is achieved. We should emphasize that the cold
reservoir is completely filled with the working fluid and a droplet of fluid is sitting on the cold
reservoir to ensure sufficient supply of liquid to the interfaces. The fluid in the cold reservoir is
at ambient pressure, while the liquid at the liquid-vapor interface experience negative absolute
pressure. To ensure the steady-state condition, we recorded the coordinate of liquid-vapor
interface for more than 3 minutes and no further motion was observed. Given the length of the
liquid in the nanochannels, the local heat flux at the interface is written as™

1= "12uL (5)

The determined heat fluxes as a function of length of fluid in the nanochannels is shown in Fig.
13. At each hot reservoir temperature, the evaporation heat flux shows the inverse trend with the
liquid phase length. A maximum evaporation heat flux was obtained for a liquid stream with 3 =
0.5um length of liquid phase at 60 °C corresponding to a heat flux of 14 = 1 kWem™, which is

extremely high among the heat fluxes reported so far*,”.
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Figure 12. Microscopic images of a locally heated evaporation experiment performed at 40°C at different
times are shown. Time increases from (a) to (f). The length of vapor phase (brighter area) increases as
time goes on (from (a) to (e)), and reaches a steady state of evaporation in (f). The steady state of
evaporation was obtained more than 10 minutes. The scale bar is 50 um.

The negative absolute pressure of liquid and small length of fluid stream resulted to this high
interfacial heat flux. Note that at these values of heat flux, even for all channels, it takes 45 min
to evaporate the liquid droplet on top of cold reservoir.
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Figure 13. Evaporation heat flux as a function of liquid phase length in nanochannels at steady state of
evaporation for different temperatures of hot reservoirs changing from 20°C to 60°C. The maximum
evaporation heat flux obtained is 14274 W.cm™

Once the vapor is generated, it should flow in the nanochannels and leave the structure through
hot micro-reservoir. The Peclet number of vapor (convective transport to diffusion transport) is ~
62000. For the vapor outward flow, we should initially determine which mechanism (advection
or diffusion) is the dominant transport phenomena. The Knudsen number is written as
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K = A kgT

L V2md?ph (0)
where A denote the molecular mean free path, L is a physical length scale (in our case it is
considered as channel’s height), k; is the Boltzmann constant, T is the temperature, d is the
diameter of vapor molecules and p is pressure. For isopropyl alcohol, A is 24 nm and d is
6.5%1071% m and consequently Knudsen number is 0.135, which is in the range of 0.01 to 10.
This indicates that the diffusion process is between Knudsen diffusion regime and molecular
diffusion regime, and the diffusion coefficient inside the nanochannel is calculated from the
Knudsen (D, =§ ’% = 0.204 sz/s) and molecular (Dy = A ’% = 0.028 sz/s

3
diffusion coefficient [ref-nanoletter]:

1
D~ De. ' D, (7)

Thus, the diffusion coefficient in the studied nanochannels is 0.024 €™M / s. The relative ratio of
advective transport to diffusive transport is written as

_ L%
Pe=+ ®)

where L denotes the length scale (channel’s length), , is the vapor phase velocity. The velocity
of the vapor phase is determined through conservation of mass at the liquid-vapor
interface p;V;, = py V},. At the maximum evaporation flux, the velocity of vapor molecules is
93.14 ms™' considering p;, = 748 kgm™3, v; = 0.259 ms~! and p, = 2.08 kgm™3. Thus, the
Peclet number is 62093 which is >>1 indicating that vapor removal is governed by advection and
diffusion does not play any role in vapor transport. This suggests that vapor transport is not
diffusion limited and is driven by high inertia of vapor molecules. Also, as temperature of hot
reservoir is more than saturation temperature of vapor, no condensation occurs in the
nanochannels. At higher interfacial heat fluxes, steady-state condition could not be kept for more
than 60 s as center of liquid-vapor interface enters the cold micro-reservoir. The findings suggest
that higher heat fluxes are also possible by decreasing the length of nanochannels. Moreover, the
momentum transport limit is still the physics of thin film evaporation.

Three transport phenomena are involved in evaporation at nanochannels including liquid
transport to the liquid-vapor interface (Capillary-driven transport), interfacial phase-change of
liquid to vapor phase (Gas kinetics transport), and vapor outward transport (advection and
diffusion). Here, we compare the role of these transport phenomena in the evaporation through
comparing resistance of each transport phenomena.

Cold Reservoir Hot Reservoir

Figure 14. Resistance model for steady state evaporation
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The corresponding resistance model can be observed in Figure 14. As it is shown, there are three

major resistances in series inside the nanochannel. (i) The resistance of the liquid flow in the

. 120L
nanochannel can be written as R., = :21 L

where y; is a liquid viscosity, L; is a length of the
liquid in the nanochannel, p; is a density of the liquid and h is a height of the nanochannels. (ii)

: . . . fz RT
The resistance of a phase change at the liquid-vapor interface is expressed as Ry =§ ”T,

where ¢ represents an empirical constant (considered 1), R is a universal gas constant and M is a
molar mass of the fluid. (iii) for the vapor outward flow, as proved in the S8, it is dominant by
advection. As a result, the resistance of the vapor flow inside the nanochannel is written as
12p4L

i
nanochannel. The contribution of each resistance in the mass transport phenomena at steady state
evaporation is demonstrated as percentage of the total resistance. The total resistance is equal to
Rror = Rcg + Ry + Ryyq.The results indicate that the vapor flow (advection) resistance is a
dominant resistance of mass transport at 60°C and even at 40°C. However, at 20 °C the capillary
flow resistance becomes the dominating factor which is due to the higher length of the liquid
phase at steady state evaporation compares to the higher temperature.

Roa = , where i, is a vapor viscosity, I, is a length of the vapor phase inside the
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Figure 15. Contribution of different mass transport resistance is plotted at 20°C, 40°C and 60°C for the
smallest length of liquid phase at each temperature. (i.e. 10 wm, 4.5 wum and 3um for 20°C, 40°C and
60°C, respectively.) R4, Ry and R, present the advection resistance, phase change resistance and capillary
flow resistance, respectively.

Also, we studied the implementation of these structures to break the limit of heat transfer,
Leidenfrost limit. Evaporation and boiling are fundamental and core phenomena in a broad range
of disciplines including power generation and refrigeration systems'’, desalination'®"
distillation'?, electronic/photonic cooling>>®, chemical reactors, aviation systems®, and even

biosciences™ 2. Here, we are interested in cooling of a hot object through spray droplets™>*.
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Heat dissipation through direct contact of bulk liquid with a hot solid substrate (pool boiling) is
extensively studied before®>* and still ongoing matter of study® *', but it is not focus of this
work. Boiling heat transfer is characterized by the large dissipated heat flux for a small given
superheat as it relies on the latent heat of the cooling fluid. Recently, Liang and Mudawar™
reported a comprehensive review on the droplet phase change on heated walls. At low surface
superheats, direct contact of the droplet with the solid substrate allows for very high heat
dissipation capacity. However, at high surface superheats, formation of an insulating vapor layer
at the solid-liquid interface limits the heat dissipation and the droplet levitates on a layer of
vapor” ", The onset temperature of this phenomenon is denoted by the Leidenfrost point
(LFP)’'°. Under such conditions, the heat transfer rate is minimal and the temperature of the
substrate can reach dangerous levels, such as those experienced in the Fukushima disaster. The
limit of LFP has stalled abilities for thermal management of high-temperature devices and has
impacted a broad spectrum of systems. The ability to raise LFP or to eliminate LFP opens a new
path for breakthroughs in these systems.

A range of surface engineering approaches has been created to tune LFP. The earlier approaches
included exploring different surface materials’ >, tuning the roughness of surfaces® ®, and
using porous surfaces . Recently, the dynamic field of nanotechnology has promised new
avenues for surface engineering to tune LFP further. The later approaches included nanorough
surfaces’, nanofiber mats®’, micro/nano structured surfaces®® > and hierarchical surfaces®®’®. In
addition to surface engineering, other parameters such as tuning ambient pressure” ’’, chemical
modification of the cooling medium®’® ™ actuating inertia of the droplets* ™ and active
approaches (e.g. electrical fields® ') are exploited to boost LFP. However, surface engineering
is more appealing as other solutions are often constrained. We have summarized the reported
LFP and their suggested physics for a water droplet with radius of 1.1-1.9 mm in Table 1. The
maximum reported LFPs of a water droplet is for hierarchical structures in value of 453 °C™* and
400 °C®. In both of these structures, micro-pillars of Si were coated with nanoparticles (NPs) to
provide a multi-scale structure to boost LFP. Kim et al.”* suggested a mechanism for superior
performance of hierarchical structures. Once a droplet approaches a hierarchical surface, if the
thickness of the features on the surface is less than the thickness of the insulating vapor film, the
features will only increase the shear resistance for vapor flow and consequently thicken the vapor
film. In this case, the surface features do not play any role in the increase of LFP. However, as
the droplet evaporates, the thickness of Leidenfrost film decreases with the rate of R*/3 > and
the droplet ultimately forms contact with the surface. Note that R denotes the radius of the
droplet. Upon contact, the heterogeneous nucleation of bubbles can occur if cavities are available
for nucleation. To introduce these cavities on the surface, Kim et al.”* used nano-particles on the
micro-posts of hierarchical structures to show the role of these nano-features on the transition
from film boiling to nucleate boiling. Thus, both length scales on the surface contribute to boost
LFP. Despite a long time effort, a rational approach for suppression of LFP is missing. This
suppression will be a breakthrough in thermal management of high-temperature systems.

Table 1. The reported surfaces to boost LFP

Approach Fluid Method LFP limit (°C)
Decoupled hierarchical . No limit was
structures (This work) DI Water Passive found.
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H1erarc'h1cal strgcturesﬁ Nano DI Water Passive 453
Si0; on Si posts
Hierarchical Si structure® DI Water Passive 400
Zirconium nanotube’” DI Water Passive 370
Polymer nanofiber mats® DI Water Passive 300
Salt deposition on surface® DI Water + KC1 Passive 280
Salts increased surface DI Water + Passive 240
roughness® MgSO,

In Leidenfrost phenomenon, the de-wetting upward force is caused by the pressure gradient of
the vapor flow underneath of the droplet. This force keeps the cooling droplet suspended and
impedes contact of the droplet with the hot solid substrate. Here, we have developed a new
paradigm and corresponding material structure for suppression of Leidenfrost phenomenon.
Through decoupled hierarchical structures, we re-route the vapor flow and keep the cooling
droplet in contact with the hot solid at extremely high temperatures. These new structures are
composed of two components, a nano-membrane and a deep microstructure, Figure Sa. Once a
cooling droplet sits on the nano membrane, the generated vapor enters the deep microstructure
and flows radially, while the nano membrane keeps the cooling droplet in contact with the hot
solid through the capillary force. The de-wetting upward force by the vapor is only a function of
dimensions of the microstructure, but downward capillary force, which keeps the droplet in
contact with the hot solid, is only a function of pore dimensions in the nano membrane. As these
forces are decoupled and independent, by tuning of these forces, the droplet can be kept in
contact with the hot solid substrate even at high temperatures.
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Figure 5. a) A schematic of decoupled hierarchical structure for suppression of Leidenfrost
phenomenon is shown. The microstructure provides a path for generated vapor flow while the
nano membrane keeps the cooling droplet attached to the structures. b) The velocity field in the
microstructure is simulated at maximum measured heat flux of thin film evaporation (56.3 Wem’
%). The white squares represent the micro-pillars, while the small black dots denote the pores of
nano-membrane. The geometry of the nano-pores, dimension of microstructure, and the substrate
temperature are the inputs to this model. The black line denotes the contact line of the cooling
droplet. ¢) The de-wetting pressure field by the vapor flow is shown. This pressure should be
lower than the capillary pressure by the nano-pores to keep the droplet attached to the structure.
d) The ratio of de-wetting pressure to the capillary pressure as a function of temperature is
shown. The onset of Leidenfrost phenomenon can be tuned with the dimension of nano-pores.
For the pore radius of 80 nm, the Leidenfrost phenomenon is suppressed to more than 570 °C.

At Leidenfrost state, the insulating vapor layer impedes the direct contact of a cooling droplet
and a hot substrate and significantly drops the dissipated heat flux. The thickness of static
Leidenfrost film for small droplets is determined through the balance of interfacial mass flux and

shear flow of vapor in the vapor film and is written as*>>
o — (kv AT ‘u” o) g)1/3 R4/3 (1)
hfg Py yz
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where k" denotes the thermal conductivity of the vapor, AT the temperature difference between
the solid substrate and the saturation temperature of liquid at the given pressure, u” the viscosity
of the vapor, p; the density of liquid, g the gravitational acceleration, h¢, the enthalpy of the

liquid-vapor phase change, p,, the density of vapor phase, and y the surface tension of the liquid-
vapor interface. On the other hand, for droplets with a radius larger than the capillary length, the
thickness of Leidenfrost film is proportional to R'/2. Snoeijer et al.”® and Sobac et al.”
developed a more comprehensive and general model to predict the shape of vapor film
underneath of a Leidenfrost droplet. Their model predicts the radial dependence of film
thickness, which was not considered in the earlier models.

As shown in Figure la, the decoupled hierarchical structure includes a superhydrophilic nano
membrane, which is joined on top of a deep Si micro-pillar structure. The height of pillars in the
deep microstructure should be high enough to reduce the developed pressure by shear flow of the
vapor in the microstructure. Through simulation of vapor flow, we found that the pillars with a
height of > 95 um is required to suppress LFP at high temperatures. Once a droplet contacts the
nano membrane, the capillary force per unit area by the nano-pores, which is APgpijiary =
2y cos 6 /r,, keeps the droplet in contact with the nano membrane. Note that 6 and 7, denote the
contact angle of liquid meniscus formed in the nano-pores and radius of the nano-pores,
respectively. Liquid forms spherical meniscus in the nano-pores as the dimension of nano-pores
is much smaller than the capillary length of the liquid. At the liquid-vapor interface, evaporation
occurs to dissipate heat flux by the hot solid substrate. The generated vapor flows in the
microstructure radially and leaves the structure from the sides. Note that the shear loss for vapor
upward flow through nano-pores is proportional to the thickness of the membrane divided by the
square of pores’ diameter. This shear loss is 2-3 orders of magnitude higher than the shear loss
through the microstructure. Thus, the generated vapor flows predominantly radially in the
microstructure. If the de-wetting force by vapor flow overcomes the capillary force, the droplet
will detach from the substrate and adopt the Leidenfrost state. Note that these forces are
decoupled and independent. These forces can be modified independently to tune the LFP. We
simulated the vapor flow in the microstructure to obtain an insight on pressure field of vapor.
The details of simulation are given in the Supplementary Information. Also, we provide an
approximate analytical solution of maximum pressure generated by the vapor flow in the
Supplementary Information. In Figure 5b, the velocity field of the vapor in the microstructure is
shown. Although the vapor velocity reaches high values, the assumption of laminar flow field is
still valid. We examined the cooling effect of pillars by the vapor. For the vapor flow in the
microstructure, we calculated the Reynolds numbers. The hydraulic diameter of the
microstructure is Dy = 75 pul]. The calculated Reynolds number is 4 < Re < 540. Thus, flow of
the vapor in the microstructure is laminar. For this given Reynolds number, the hydrodynamic
entry length is Lenydrodynamic = (0.05 Du Re), which is 15 um-2 mm. Thus, flow in the
microstructure is not fully developed. Also, the thermal entry length for the vapor is written as
Lethema= (0.05 Dy Re Pr), which is 15 um-2 mm as well. Pr denotes Prandtl number. The
Nusselt number for the configuration of undeveloped hydrodynamic and thermal boundary layers
is calculated by T. Irvine et al.”* as a function of length of vapor flow. Given these Nusselt
numbers and thermal conductivity of steam (Kgpqm= 0.018 Wm™ k™), we determined the values

of heat transfer coefficient as shown in the Table 1. We calculated the Biot number in the
hw

2 ksi
conductivity of Si, 148 Wm™'k'. The maximum Biot number is 0.00014 suggesting that the

structure (Bi = ), where w denotes the width of micro-pillars, and kg; the thermal
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pillars are isothermal. The cooling heat flux by the vapor flow is written as q; = h (Ts — Ty,),
where T denotes the surface temperature of pillars, and T,,, the mean temperature of vapor. In
Table 1, we compared the ratio of cooling heat flux to the total heat flux (q5/q¢otqr) as a function
of radial length underneath of the droplet for different surface temperatures. As shown, as low
values of superheat, the convective cooling by the vapor can be up to 20% of the total heat flux,
but at high temperatures, this cooling effect becomes negligible. Also, the vapor flow on the
nano-membrane can lead to a temperature gradient in the nano-membrane, as the thermal
conductivity of this membrane is low. Given the heat transfer coefficient by the vapor phase and
its mean temperature, one can determine the cooling heat flux on the membrane at different
temperatures. Using Fourier definition of heat flux and length scale of distance between pillars,
the change in temperature of nano-membrane induced by vapor cooling effect is 4-9 °C, which
has a small effect on local evaporation rate.

Through the simulations, we determined the generated pressure field in the microstructure during
the vapor flow as shown in Figure Sc. If the maximum generated pressure in the microstructure
is less than the induced capillary pressure by the nano membrane, the droplet will remain
attached to the nano membrane and the Leidenfrost state is suppressed. Through these
simulations, we can compare the ratio of pressures by the shear flow of vapor and the capillary of
nano pores at different temperatures. This ratio is shown in Figure 5d for several dimensions of
nano membranes. Note that for all the considered nano membranes, no Leidenfrost state occurs
even up to temperature of 700 °C.

As the required microstructure should be deep (height of 95 + 2 um), we developed a custom-
designed micro-fabrication procedure for these structures. The details of this approach are
provided in the Experimental Methods. After fabrication of the microstructure, we used a
sintering approach to attach the nano membrane to the Si micro pillars. A schematic of this
approach is shown in Figure 6a. In this approach, one utilizes Au as the interlayer between the
membrane and the microstructure”. One side of the membrane is coated with Au in the e-beam
evaporator with a thickness of 300 nm. Also, the top of the micro pillars is coated with a thin
layer of Au having a thickness of 500 nm. To open the nano pores, the nano membrane is
physically etched using RIE180. The coated samples are assembled on top of each other and a
pressure of 2 MPa was applied to the sample. The sample is sintered at a temperature of 600 °C.
The picture of the developed microstructure in this work is shown in Figure 6b. We used Anodic
Aluminum Oxide (AAO) as the nano membrane. These membranes with varied pore diameters
were obtained from Synkera Technologies Inc. These membranes have a diameter of 25.4 mm, a
thickness of 50 um and a pore density of 10% reported by the manufacturer. As we needed to
develop a structure to be used for high temperatures, the AAO membrane were heat treated by
the manufacturer for operating temperature of up to 1000 °C. Although as-made AAO
membranes are amorphous and have low thermal conductivity, the heat treated AAO membrane
by Synkera Technologies Inc. are crystalline o and y alumina phases and have thermal
conductivity of approximately 30 Wm™'K™'.”° We needed the contact angle of water in the nano
pores to determine capillary pressure in these pores. To do so, as shown in Figure 6c, we
measured the contact angle of a water droplet on a pre-cleaned nano membrane and used this
contact angle to determine the capillary pressure in the pores. The nano-membrane was cleaned
with plasma cleaner (Harrick Plasma PDC-001-HP) before these measurements. The measured
contact angle of a water droplet on these nano membranes is 3 + 1°. The final developed
structure is shown in Figure 6d.
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Figure 6. a) A schematic of fabrication steps of decoupled hierarchical structure is shown. (i)
The deep Si microstructure was fabricated in the first step. (ii) A layer of Au film with thickness
of 500 nm was coated on the pillars through e-beam evaporation (Thermionics E-beam
evaporator). Also, a thin layer of Au, 300 nm, was coated on the back-side of the nano
membrane. The pores in the nano membrane were opened through etching with RIE180 from the
front side after Au deposition. (iii) The nano membrane and the microstructure were assembled
on top of each other. (iv) The structure was sintered at pressure of 2 MPa and temperature of 600
°C for 3 hrs. (v) A sessile droplet was deposited on the surface. (vi) The nano membrane keeps
the droplet attached to the structure, while the microstructure provides a path for vapor flow. b)
The structured of deep Si micro-pillar structures is shown. These micro pillars are developed
through a custom-designed fabrication process. The height of pillars is 95 + 2 pm. The
microstructure is tilted 45° in the SEM sample holder to capture this picture. The scale bar is 100
um. ¢) The contact angle of a water droplet on the AAO nano membrane is measured. The
membrane shows superhydrophilic characteristics. d) The developed decoupled hierarchical
structure is shown. The deep Si micro-pillar structure provides a path for vapor flow, while the
nano membrane keeps the cooling droplet attached to the substrate through the capillary force.
The scale bar is 5 mm.

The penetration of liquid through the nano-membrane to the microstructure is a time-dependent
process. Once a droplet is deposited on the nano-membrane, the wicking rate is governed by the
balance between the capillary force and the shear force of the fluid in the nano-pores (i.e.
Washburn’s law’"). The time scale for liquid wicking is written as
2ut? ()

y rcos 6

where p denotes the dynamic viscosity of liquid, t the thickness of nano-membrane, y the surface
tension of liquid, r the radius of nano-pores and 8 contact angle. In the decoupled hierarchical
structures, the thickness of nano-membrane is 50 um. For the pore radius of 40 nm, the
penetration time is in order of 107 s. At room temperature, a nano membrane was placed on a

Twicking™

22



smooth Si wafer. After deposition of a liquid droplet, it takes several seconds before wetting of
the underneath substrate occurs. At high temperatures, while liquid wicks in the nano-pores, it
also evaporates. The time scale for evaporation of liquid in a pore is written as

tphyg

Tevap ~ .

q

where p denotes density of liquid, hs4the enthalpy of phase-change and ¢ the heat flux. The heat
fluxes in the experiments are in order of 10°-10" Wm™. Thus, Tevap 18 in order of 103-107 s. The
time scale for evaporation is smaller than wicking time and consequently the liquid cannot wick
to the microstructure and vapor phase occupies the microstructure domain.

Once the decoupled hierarchical structure was developed, we examined the heat dissipation by
these new structures. Each structure was thoroughly cleaned by plasma cleaning and was placed
on the heating stage. Through fluid dispensing systems, droplets of DI water with a volume of 30
uL were introduced on the structure at a height of 4 mm (We~4.4). We minimized the distance

between the droplet and the structure to suppress the role of droplet inertia on the droplet
spreading. The temperature of the structure was measured close to the droplet deposition
coordinate with two independent thermocouples. These thermocouples are attached to the
structure with a thermal paste (OMEGA THERM 201). We measured the phase change
characteristics of the water droplets as a function of temperature on these surfaces. These
characteristics are captured using a high-speed camera (V711, Vision Research). The phase
change characteristics on decoupled hierarchical structures are shown in Figure 7. As shown, at
low value of superheat, the droplet is attached to the surface through the capillary force and thin
film evaporation occurs underneath of the droplet. As the porosity of the studied membrane is
only 10%, the evaporation rate of the droplet is small. As we increase the temperature, the phase-
change characteristic enters a new regime in which nucleate boiling and thin-film evaporation
occur simultaneously. Thus, the evaporation time of the droplet is reduced. We have shown the
phase-change characteristics of a water droplet for four temperatures. Note that even up to a
temperature of 540 °C, we did not observe the Leidenfrost state. Note that the maximum
measured Leidenfrost temperature on state-of-the-art surfaces is 453 °C’*. The common approach
to determine LFP and heat dissipation characteristics of a surface is measurement of the
evaporation time as a function of temperature’. In Figure 7a, we plotted water droplet
evaporation time as a function of temperature on the decoupled hierarchical structures. We
developed these decoupled hierarchical structures with two nano membrane pore dimensions and
examined their phase-change characteristics as shown in Figure 7b. As the porosity of the nano
membranes are the same, the difference in the evaporation rate cannot be related to the enhanced
surface area for evaporation. We expect that the observed difference in the evaporation rate is
caused by the non-uniform distribution of pores on the surface. As the characteristic curve
shows, through decoupling of the de-wetting force of vapor flow and the capillary force,
Leidenfrost state is suppressed. However, the evaporation time of the droplets on these surfaces
is higher than the state-of-the-art surfaces. This high evaporation time is caused by two effects:
low thickness of nano membrane and inadequate active site for heterogeneous nucleation of
vapor bubbles on the smooth nano membrane surface. Phase-change process occurs through
nucleate boiling on the flat surface of nano membrane and evaporation in the nano pores.
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Figure 7. a) The phase-change characteristics of a water droplet on smooth decoupled
hierarchical structure are shown. The pore dimension in this nano membrane is 80 nm. At low
value of superheat, only thin film evaporation at the nano pores dissipates heat. However, at high
superheats, some nucleate boiling enhances the heat dissipation by the structure. Note that no
LFP was observed even to temperature of 540 °C. b) The droplet evaporation time by two types
of decoupled hierarchical structure is measured. The evaporation time is a decreasing function of
temperature.
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Heat for phase-change process is transferred through Si pillars and then laterally in the nano
membrane between pillars. Low thickness of nano membrane reduces the heat capacity of the
structure and consequently the total heat flux for phase-change in the decoupled hierarchical
structures.

Before contact of the droplet with the de-coupled hierarchical structure, the thermal resistance
through convection and radiation is much higher than the conduction thermal resistance in the
hierarchical structure. Thus, the structure is approximately at a uniform temperature. The
reported temperature is the temperature on the membrane surface. However, the surface
temperature underneath of the droplet will drop as the droplet touches the surface. We emphasize
that the temperature of droplet cannot exceed the spinodal decomposition temperature of water at
ambient pressure” ' (321 + 17 °C).

To overcome the shortcoming of high evaporation time on these smooth decoupled structures,
we enhanced the nucleation sites of bubbles on the nano membranes through deposition of NPs.
We deposited a layer of SiO, NPs on the decoupled hierarchical structure with nano pore
dimension of 80 nm. The detail of the deposition approach is given in the Experimental Methods.
Once the coated decoupled hierarchical structure is developed, we examined heat transfer
characteristics of this structure on the heating stage. These characteristics are shown in Figure
8a. Similar to the previous structures, we observed two regimes of phase-change. At low values
of superheat, thin film evaporation at the mouth of the nano pores occurs and the phase-change
characteristics are similar to the decoupled hierarchical structures without coated NPs. However,
as we increase temperature, the nucleation sites on the surface are activated and we observe the
transition to the thin-film evaporation/boiling regime. The phase-change on these structures is
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more chaotic as enhanced boiling on the nano membrane surface occurs. We continued these
experiments to a temperature of 570 °C. No LFP was observed on these decoupled hierarchical
structures. The characteristics curve of evaporation time of a water droplet on these surfaces is
shown in Figure 8b. As shown, at high values of superheat the evaporation time on these
surfaces is reduced by approximately two orders of magnitude. Nucleate boiling at the nano
membrane surface and evaporation at the mouth of nano pores are responsible for this
remarkable evaporation rate. Note that the developed structures are sintered at 600 °C, and
conducting experiments at higher temperatures (> 570 °C) affects the integrity of the structure.
However, once higher temperature joining approach is implemented, these structures can be
operated at higher temperatures.
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Figure 8. a) The phase-change characteristics of a water droplet on NP coated decoupled
hierarchical structure at four temperatures are shown. At low values of superheat, the heat is
dissipated through thin film evaporation. At higher values of superheat both thin-film
evaporation at the mouth of nano pores and nucleate boiling occurs. No LFP was observed on
these decoupled hierarchical structures even up to 570 °C. The scale bar in the figures is 2 mm.
b) The evaporation time of a water droplet on the decoupled hierarchical structure and NP coated
one are compared. As noted, at high temperatures, the evaporation rate and consequently the heat
dissipation by the NP coated decoupled hierarchical structure is two orders of magnitude higher
than the other surface.

We compared heat transfer characteristics of the NPs coated decoupled hierarchical structure
with other state-of-the-art surfaces as shown in Figure 9a. One of the structures is a hierarchical
structure’™ in which Si micro-pillar structure is coated with SiO, NPs through layer-by-layer
deposition. The procedure for this deposition was initially proposed by Iler'”* and further
improved for aqueous solutions by Lee et al.'”” The onset of film boiling in this structure is at a
temperature of 250 °C, and the LFP occurs at a temperature of 453 °C. The other state-of-the art
structure is a zirconium nanotube structure’’, which is developed through anodic oxidation
technique with hydrofluoric acid (0.5%). The onset of film boiling on this structure is close to
250 °C and LFP occurs at a temperature of 350 °C. LFP of around 400 °C is also reported by
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kwon et al.°® in Si hierarchical structures, but the characteristic curve of evaporation time was
not reported. The Leidenfrost temperature on the decoupled hierarchical structures is suppressed
up to temperature of 570 °C. Note that at low value of superheat, the existence of vapor layer
adversely affects the heat dissipation capacity of decoupled hierarchical structures. However, at
high value of superheat these surfaces outperform other state-of-the-art structures in heat
dissipation. Furthermore, the heat flux by decoupled hierarchical structure and other state-of-the-
art structure are shown in Figure 9b. The heat flux is determined through evaporation time and
contact area of the droplet with the surface. As shown, the developed decoupled hierarchical
structure in this work shows a distinct characteristic compared to the other structures. We should
add that Vakarelski et al.’” used superhydrophobic structures to stabilize the film-boiling region
on a hot object leading to low heat dissipation capacity. However, through decoupled
hierarchical structures, one can keep high heat dissipation capacity at high temperatures through
nucleate boiling and thin-film evaporation.
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Figure 9. (a) The phase-change characteristic on decoupled hierarchical structures is compared
with state-of-the-art surfaces. On the other surfaces, Leidenfrost state occurs and limits heat
dissipation capacity by these surfaces. The independent tuning of capillary pressure and the de-
wetting pressure of vapor allows suppression of LFP in decoupled hierarchical structures. These
new surfaces offer two orders of magnitude higher heat dissipation capacity compared to the
other surfaces at high temperature. (b) Heat flux by the decoupled hierarchical structure is
compared with other state-of-the-art surfaces. The heat flux is determined through the
evaporation time of the droplet and the contact area at different temperatures.

For water droplets, no LFP was observed on Si decoupled hierarchical surfaces even up to a
temperature of 570 °C. In these structures, the capillary force for contact of a droplet to a hot
surface and de-wetting force by the vapor phase are independently tuned to suppress LFP. These
structures showed up to two orders of magnitude higher heat flux at high temperatures, but at
low values of superheat, the heat dissipation capacity was inferior to other surfaces. Here, based
on the same concept, we report a new metallic surface that shows no LFP and offers high heat
dissipation capacity at all superheat ranges. These surfaces are developed through one-step
fabrication procedure with no required micro/nano fabrication and promise a new and cost-
effective route for high heat dissipation capacity. In Si decoupled hierarchical structures, a nano-
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membrane keeps the droplet in contact with the surface through a capillary force, while high-
aspect ratio micro-pillars provides a path for vapor flow. The capillary force, F., is a function of
radius of nano-pores and the de-wetting force, F,, by vapor is a function of dimension of micro-
pillars. As these forces are independent, tuning of these forces allows to satisfy LFP suppression
criterion (i.e. F/F,> 1).

The schematic of Cu decoupled hierarchical structures is shown in Figure 10. In these structures,
a stack of corrugated Cu meshes are used to provide a path for vapor flow (similar to micro-
pillars) and multi-layers of Cu micro/nano particles are exploited to form a nano-porous surface
(similar to nano-membrane) to impose capillary forces on the liquid.
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Figure 10: A schematic of Cu decoupled hierarchical structure is shown. The structure is
composed of a stack of two corrugated Cu meshes and multi-layers of micro and nano Cu
particles. The Cu meshes provide a path for radial vapor flow, while the nanoparticles provide a
nano-porous surface for capillary force to keep the cooling droplet in contact with the hot
surface.

The development procedure of Cu decoupled hierarchical structures is shown in Figure 11. On a
flat and smooth Cu substrate, corrugated Cu meshes (TWP Inc.) with two dimensions of 200 um
and 75 um are vertically stacked. This dimension represents the opening dimension in meshes.
Cu spherical particles with diameter of <425 pum (Sigma Aldrich), <75 um (Sigma Aldrich), and
60-80 nm (SkySpring Nanomaterials) are obtained. To deposit Cu particles, each size of particles
are mixed with isopropanol alcohol to form three homogenous dilute suspensions (30 wt\%).
Initially, a layer of Cu particles with dimension of <425 pm was deposited on the stack of Cu
meshes through a dip coating process in the suspension. We continued the dip coating process
for three times to form a uniform layer of Cu particles. Next, Cu micro particles with dimension
of <75 um were deposited through dip coating method. Finally, the surface is furnished with Cu
nanoparticles (60-80 nm). Once the nanoparticles are coated on the surface, the Cu decoupled
hierarchical structure was placed in the furnace with inert flow gas environment (Nitrogen). This
gas environment was required to prevent oxidation of Cu in the sintering process. The structure
was sintered at temperature of 1050 °C for 1 hr. The heating and cooling rate in the furnace was
6 °C per min. The final Cu decoupled hierarchical structure is shown in Figure 11(i).
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Figure 11: The development procedure of Cu decoupled hierarchical structure is shown. (a)-(c)
Two Cu meshes are assembled on a flat Cu substrate. (d)-(f) three layers of micro/nano particles
are deposited on the stack of Cu mesh through dip coating approach. The scale bar in subfigures
(a)-(f) is 200 pum. (g) The stack of Cu meshes, (h) the surface after the coating of micro/nano
particles, and (i) the final Cu decoupled hierarchical structure after sintering is shown. The
thickness of the final structure is 1 mm. The scale bar in subfigure (g)-(i) is 1 mm.

The capillary force and de-wetting force by the vapor phase per unit area may be written as

_ ugL
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where L, denotes dynamic viscosity of vapor phase, q heat flux, L length of vapor flow, py
density of vapor phase, hg, enthalpy of liquid-vapor phase-change, d characteristic diameter for
vapor flow in corrugated mesh, yLy surface tension of liquid-vapor, 6 contact angle of liquid and
the surface, and { density of nano-pores on the surface. As the experiments had to be conducted
at ambient condition, Cu structure could oxidize at high temperature > 200 °C). Thus, we decided
to examine these surfaces with non-aqueous liquids with lower boiling point. We chose Novec
7100 liquid (3M Co.) for these experiments. This liquid is highly wetting liquid of Cu, has
boiling temperature of 75 °C, surface tension of 13.6 Nm™, liquid density of 1510 kgm™, liquid
dynamic viscosity of 0.58 mPa.s and enthalpy of evaporation of 112 kJ kg'. At maximum heat
flux of 107 Wm™, for the corrugated mesh with the average opening of 200 um, 1 m length of
vapor flow, a nano-porous surface with pore density of 0.5, and pore radius of 80 nm, the ratio of
F./F, is approximately 4. This suggests that even for extreme heat fluxes, the LFP could be
suppressed on Cu decoupled hierarchical structures.

To examine heat transfer characteristics of Cu decoupled hierarchical structures, we studied
phase-change characteristics of Novec 7100 liquid droplets on these surfaces. Initially, we
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studied the phase-change characteristics on a smooth Si wafer and micro-structured Si substate.
The Si microstructure is a micro-pillar structure with dimension of 95 um in height, 40 um in
pillar width and 60 pm in pillar spacing and is developed through micro-fabrication procedure.
This high aspect ratio pillars allow for low shear resistance for vapor flow. A Novec 7100
droplet with volume of 30 puL. was deposited on the substrate at various temperatures and phase-
change characteristics was recorded with a high speed camera (Phantom V711, vision research).
These characteristics at various temperatures are shown in Figure 12. At low superheat values,
the droplet goes through nucleate boiling process. However, at high superheat values,
Leidenfrost state emerges and the heat transfer rate becomes minimal. (i.e. heat transfer occurs
through conduction in a thin vapor film underneath of the droplet). This slow heat transfer rate
boots the droplet evaporation time. The LFP for both Si and Si micro-structured surfaces are
around 45 K superheat. Next, we examined phase-change characteristics of Novec 7100 droplets
on a flat Cu substrate and Cu decoupled hierarchical structures as shown in Figure 13. For Cu
substrate, the similar transition to LFP at high superheat values occurs. However, for Cu
decoupled hierarchical structures, no LFP state was observed even at superheat value of 125 °C.
As we conducted the experiments in ambient condition, we did not continue the experiment at
higher temperatures than 220 °C to avoid Cu oxidation. In the Cu decoupled hierarchical
structure LFP is suppressed and high heat dissipation capacity is achieved through nucleate

boiling at all temperature ranges.
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Figure 12: Phase-change characteristics of a Novec 7100 droplet on (a) smooth Si wafer and (b)
micro-structured Si is shown. At low superheat values, the liquid droplet goes through nucleate
boiling, but at high superheat values, the droplet adopts a Leidenfrost state. Note that at
temperatures higher than LFP, the liquid droplet rolls on the surface. Thus, the dispensing needle
is used to keep the droplet stationary for imaging purpose. The scale bar is 2 mm.
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Figure 13: Phase-change characteristics of a Novec 7100 droplet on (a) smooth Cu substrate and
(b) Cu decoupled hierarchical structures is shown. Although for Cu substrates, Leidenfrost state
emerges at high superheats, no LFP was observed on decoupled hierarchical structures. The scale
bar is 2 mm.

To acquire an understanding of heat dissipation capacity of various substrates, we plotted droplet
evaporation time as a function of temperature in Figure 14a. We also conducted similar
experiments on Si decoupled hierarchical structures. As shown at low values of superheat, for Si,
micro-structured Si, and Cu, the evaporation time is a decreasing function of temperature and
reaches a minimum corresponding to maximum heat flux. After, there is a transition regime in
which the droplet evaporation time increases as a function of temperature reaching to LFP in
which the heat transfer rate is minimal. For decoupled hierarchical structures, there is no LFP as
also shown in the images of phase-change in Figure 13. However, for Cu decoupled hierarchical
structures, we observed an interesting trend. No LFP implies that the droplet evaporation time
should monotonically decreases with time, which is consistent when the wall super heat value is
more than 15 °C. However, at low superheat values, we observed an inverse trend in which
droplet evaporation time increases with temperature. We also noted that at low value of
superheat, micro-structured Si has higher heat dissipation capacity than Cu decoupled
hierarchical structure. The higher exposed surface area of Si micro-structured surface for phase-
change could explain the higher heat dissipation capacity. However, the opposite trend at low
superheat values is a matter of question.

To understand this reverse trend, we probed the transient temperature of the Cu decoupled
hierarchical structure underneath of the droplet. A k-type thermocouple with diameter of 250 um
was placed at the surface of the Cu decoupled hierarchical structure where the liquid droplet
lands. The transient temperature profile of the surface underneath of the droplet is shown in
Figure 14b. The time scale starts at 1 sec before the contact of the droplet on the surface. As
shown, before the contact, the surface is isothermal. However, once the droplet touches the
surface, a local cooling occurs underneath of the droplet and the temperature of the surface may
fall below the phase-change temperature (75 °C). In this case, the droplet does not experience
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phase-change at the surface and wicks through the structure due to high capillary forces. The
time scale for droplet penetration is determined by balance of the capillary force and viscous
shear force of the liquid in the structure and is written as

2u,t’
y,Fcost

where  denotes viscosity of liquid, t thickness of the Cu decoupled hierarchical structure, and r
characteristic pore dimension in the structure. For the thickness of 1 mm and characteristics pore
dimension of 1 um, the wicking time scale is approximately 85 ms. This time scale is several
times smaller than the phase-change time shown in Figure 13b at low superheat values. That is,
the droplet does not wick completely through the structure. While the fluid is wicking in the
structure, it contacts higher temperatures regions and goes through a phase-change process in the
structure. This is schematically shown in the subset of Figure 14. Since the phase-change process
occurs inside the structure, the images do not show the actual phase-change time. That is, the
phase-change time is higher than what is shown in Figure 13. However, as temperature
increases, the wicking length of the droplet will reduce, and the images provide exact time of the
droplet evaporation. Thus, local cooling underneath of the droplet clarifies the inverse trend
observed in Figure 14a.
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Figure 14: (a) The evaporation time of a Novec 7100 droplet with volume of 30 pm on various
solid surfaces are compared. In contracts to all the other surfaces, Cu decoupled hierarchical
structure does not show any LFP and provides high heat dissipation capacity at all temperature
ranges (b) The local temperature of Cu decoupled hierarchical structure is shown before and after
contact of the liquid droplet. The liquid droplet touches the surface at 1 sec. The local subcooling
of the surface drops the local temperature below the phase-change temperature. Consequently,
the liquid partially wicks in the structure before experiencing the phase-change.

We plotted the heat flux as a function of temperature for all the studied surfaces in Figure 15.
The heat flux is determined based on the droplet evaporation time and the contact area of the
droplet on the surface. We omitted the data points of Cu decoupled hierarchical in which local
subcooling and partial wicking in the structure occurred. As shown, Cu decoupled hierarchical
structure shows a monotonic trend in heat flux as a function of temperature with no LFP. The
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heat transfer coefficient on this structure is approximately 20 kWm™ K™ at all temperature
ranges.
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Figure 15: Heat fluxes for various solid substrates are shown as a function of temperature. Cu
decoupled hierarchical structure shows a monotonic increase in heat dissipation capacity as a
function of temperature. The heat transfer coefficient on Cu decoupled hierarchical structure is
approximately 20 kWm™ K" for all temperature ranges.

In conclusion, we present a new surface architecture that suppresses Leidenfrost state and offers
high heat dissipation capacity independent of temperature. These surfaces are developed in one-
step fabrication with no required micro-nano structuring. Experimental studies on phase-change
characteristics of these surfaces show nucleate boiling at all temperature ranges. At low
superheat values, once the droplet touches the surface, local surface subcooling occurs that drops
the surface temperature below the phase-change temperature. Thus, the liquid partially wicks in
the structure before the phase-change. We envision that Cu decoupled hierarchical structures
open a new path for high heat dissipation in power generation systems, photonics/electronics,
chemical reactors and aviation systems.

Task 2: Theoretical Study of Nano-Scale Evaporation

In this task, we studied kinetics of evaporation kinetics at small-scale. Although the evaporation
in macro-scale has been studied extensively, limitation in the experimental approaches in the
nanoscale has precluded sound understanding of the small-scale evaporation. Currently, there are
three main theories on the evaporation phenomenon namely Hertz-Knudsen Theory (i.e. Kinetic
theory of gases (KTG))' >, Statistical rate theory (SRT)*”, and Non-equilibrium thermodynamics
(NET)* . The first theory is derived through the kinetic theory of gases (KTG). In budget
period2, we demonstrated deficiencies of KTG and SRT approaches and we focused on the NET.
The third theory is derived from the non-equilibrium thermodynamics (NET)* ', In this theory,
the continuity and momentum equations are integrated over a control volume at the interface.
The final form of the evaporation flux without neglecting the cross-effect Onsager coefficients is
written as
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The Onsager reciprocal principal suggests that the cross-effect coefficients must be equal and
therefore the coefficient matrix is symmetric. The cross-effect coefficient, Cg,y,, couples the heat
and mass evaporation fluxes.

In the first budget period, we developed a platform to conduct these small-scale experimental
studies as shown in Fig. 16. Here, through the custom-made evaporation chamber, we studied the
evaporation kinetics at the liquid-vapor interface. The developed experimental setup allows us to
acquire accurate knowledge on the interfacial mass and heat transfer during evaporation
phenomenon and establish an evaporation theory based on non-equilibrium thermodynamics.

Degassing K
system

Evaporation
Cold trap

Computer

) | —

Turbo pump Thermal bath Roughing pump
Figure 16: The developed chamber for phase-change studies. The chamber is equipped with 2
visible view port, 2 IR transparent view port and embedded feed-troughs, High speed visible and
IR camera, Automatic temperature probing system equipped with reference ice point cell,

pressure control system, source meter to actuate heat flux, fluid dispensing and accurate flow
metering system, cold trap and vacuum system.

All the experiments were carried out in the container with a thermal conductivity of 0.2 Wm™ 'K~
! an inner diameter of 44.52 + 0.01 mm, an outer diameter of 46.35 = 0.01 mm, and a height of
49.48 + 0.01 mm, Fig. 17. This rounded Polypropylene container with low thermal conductivity,
small wall thickness and large diameter leads to small 2D heat losses from the container
periphery. To study a wide range of evaporation mass fluxes, the container was mounted on an
adjustable heating stage to increase heat flux to the liquid-vapor interface. Temperature of the
heating stage was controlled by a thermal bath (VWR, 89202-958) which circulates Ethylene
Glycol through the heating stage.
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Figure 17. A Polypropylene container with an inner diameter of 44.52 mm and an outer diameter
of 46.35 mm to hold the liquid. Automated thermocouple with a bead size of ~ 50 um.
Thermocouple wires were passed through two glass tubes with an inner diameter of 0.8 mm. Red
dots show horizontal coordinates with their radial distance from the centerline.

For several representative experiments, the thermal field in these two sets of measurement are

shown in Fig. 18. As shown the thermal field does not change in two hours suggesting steady-
state evaporation condition.
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Figure 18. Temperature profile at the centerline at the beginning of the experiment and 2 hours
after. The thermal field in both phases does not change with time. (a) Vapor pressure in the
system was 755 Pa and the heating stage was at the chamber temperature (i.e. 25.4 °C) , (b)
Vapor pressure in the system was 541 Pa and the heating stage was at 40 °C, (c) Vapor pressure
in the system was 613 Pa and the heating stage was at 55 °C, (d) Vapor pressure in the system
was 526 Pa and the heating stage was at 70 °C.

Series of steady-state evaporation experiments were conducted on water under different pressure
and temperature conditions. In the first set of experiments, the heating stage was at the chamber
temperature with no circulating fluid. To study higher evaporative mass fluxes, three more set of
experiments were conducted by varying heating stage temperature. The temperature of the
heating stage was kept at 40 °C, 55°C, and 70°C in these experiments. In all sets of experiments,
the vapor pressure of the system was varied to study the influence of vapor pressure on
evaporation. The temperature profiles in the liquid and vapor phases in all these experiments are
shown in Fig. 19. Note that all these temperature measurements are conducted at the centerline.
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Figure 19. Temperature profile at the centerline along the vertical axis for varying heater
temperature and vapor pressure in the system. The thermocouple was moved in 50 pum steps
close to the interface and the step size was increased further away from the interface. (a)
Temperature profile without heater, (b) Temperature profile with the heater at 40 °C, (c)
Temperature profile with the heater at 55 °C, (d) Temperature profile with the heater at 70 °C.

In all the experiments, a temperature discontinuity (i.e. temperature jump) of ~ 0.4 °C was

. . . . . . . 12,13,10,14-15
evident at the liquid-vapor interface in the direction reported by other literatures

and the temperature in the vapor phase was slightly higher than in the liquid phase. As shown the
minimum temperature occurred at the liquid-vapor interface for all the pressures due to the
evaporative cooling effects. The temperature profiles are linear near to the interface, which
indicates that thermal conduction is the major mode of energy transport to the interface. The
liquid and vapor side heat fluxes were computed from the temperature profiles and listed in
Table 1. Although the vapor side heat flux was approximately constant, the liquid side heat flux
increased by decreasing the vapor pressure. During the evaporation process, a camera with a
resolution of 30.25 um/Pixel was firmly located at the chamber’s viewport. Images of the liquid-
vapor interface were recorded every 5 mins. Temporal height of the interface was determined
through image processing (public domain Imagel] software) and average mass flux was
determined in each experiment. With the given accuracy of the camera, the corresponding error
in the measured total evaporated mass was 0.1-0.3%. However, the mass flux may vary along
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the interface as shown in other studies'®'®. If one neglect convection at the interface, b
g y

integrating the enthalpy equation over a one-dimensional control volume, the energy equation is

written as

L . 1., 1 1

G — Gy — mhyy +7m (p—lz—p—vz)=0 )
Where (; and q, denote heat fluxes in the liquid and vapor phases, respectively, mis the
evaporation mass flux, hy, is the enthalpy of evaporation, p; and p, are densities in the liquid
and vapor phases, respectively. The term (q; — qy) is the supplied thermal energy to the interface

for evaporation. m(h,-h;) stands for enthalpy of phase change and %Ih?’ (ﬁ - ﬁ) stands for
1 v

change of kinetic energy of molecules leaving liquid phase and enter to the vapor phase. In the
1 1

range of studied evaporation rate, the kinetic term at the interface %rh3 (p—12 22 is a few
orders of magnitude smaller than the enthalpy term and is neglected. Having the temperature
field along the interface and consequently heat fluxes, we used Eq. 2 to determine local mass
fluxes at different horizontal coordinates. Table 2 shows the local mass fluxes at different
horizontal coordinates for three set of experiments. Also, average mass flux measured by
probing the temporal position of liquid-vapor is tabulated. As shown, the average mass flux is
not in agreement with the measured local mass fluxes. This indicates that mass flux is not
uniform across the interface. When there is a contact line (i.e. periphery of the container), due to
small thermal conduction path from the solid to the liquid-vapor interface, the evaporation mass
flux is much higher than that of the centerline. This non-uniform mass flux is shown in a range
of previous studies®"'*"'®'®. The last radial coordinate that we probed the thermal field was 4 mm
away from the periphery (i.e. the inner radius of the container was 22 mm and the last measured
radial coordinate was 18 mm). The limitation in the radial motion of the automated thermocouple
did not allow us to approach closer to the contact line. Note that the contact line area with
diverging mass flux is in order of micrometer’> >* and with the current instrumentation, we could
not detect the temperature field at the contact line. Furthermore, as we increased evaporative
mass flux by reducing the vapor pressure, we observed more uniform mass flux across the liquid-
vapor interface and the role of non-uniform evaporation becomes less important. Due to
symmetry condition at the centerline, thermal conduction is the only mode of energy transport
and the local mass flux at the centerline could be used to examine evaporation theories.

A summary of all the experimental results is presented in Table 1. There exists a temperature
discontinuity (i.e. temperature jump) of ~0.4 °C across the liquid—vapor interface in all the
experiments which is much smaller than the value reported in previous studies™'*" at the same
pressure.
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Table 1. Summary of evaporation experiment at different thermodynamic conditions

P, P, Averaged | mx (10%) | T, T, | T.-Ty & Gy Ly x (10%) | Lggx (10 Loy
(Pa) | (Pa) | mx(10%) | (kgm?s™) | cC) | (°C) | (°C) | (Wm?) | (Wm?) | (kgm™s) (kgs”) | (kgm’s™)
(kgm?s™) At (ky=0.18) (kn=0.18) | (k;=0.18)
centerline
No heating
882 883.8 2.45 0.39 5.2 5.6 0.4 86 -10.36 4.23 0.37 -0.019
755 756.8 2.54 0.72 3 3.4 0.4 169 -10.56 7.37 0.028 -0.033
650 650.9 2.75 1.23 0.9 1.4 0.5 297 -11.8 11.99 0.13 -0.054
541 541.36 2.87 1.87 -1.6 -1.1 0.5 456 -13.34 18.81 0.31 -0.085
436 436.18 3.1 2.53 -4.5 -4 0.5 619 -14.65 25.96 0.42 -0.117
360 360.25 3.17 2.45 -7 -6.3 0.7 600 -15.84 17.91 0.31 -0.08
Heater at 40 °C
913 913.15 3.78 1.77 5.7 6.1 0.4 433.2 -10.59 24.77 0.236 -0.111
734 734.06 4.12 1.89 2.6 3 0.4 462 -10.65 25.84 0.583 -0.117
636 636.4 3.99 2.18 0.6 1 0.4 534 -12.15 27.54 0.138 -0.124
541 541.4 4.5 2.24 -1.6 -1.1 0.5 549 -12.93 22.52 0.22 -0.101
446 446.15 4.62 3.1 -4.2 -3.8 0.4 762 -16 39.04 0.52 -0.176
374 374.22 4.62 3.61 -6.5 -6 0.5 894 -13.5 35.26 0.095 -0.159
Heater at 55 °C
907 907.15 5.1 2.79 5.6 6 0.4 690 -9.55 3943 0.38 -0.178
739 741.4 5.3 2.61 2.7 3.1 0.4 642 -11.2 39.88 0.763 -0.179
613 613.2 5.6 2.63 0.1 0.5 0.4 648 -12 34.04 0.354 -0.153
514 514.1 5.7 2.73 -2.3 -1.9 0.4 672 -12.96 35.36 0.542 -0.159
377 379 5.9 4.02 -6.4 -6 0.4 996 -12.8 60.09 0.965 -0.271
Heater at 70 °C
604 604.14 6.8 2.92 -0.1 0.3 0.4 720 -12.64 37.95 0.473 -0.171
526 526.11 6.96 3.4 -2 -1.6 0.4 840 -12.16 45.2 0.435 -0.204
360 360.1 7.1 4.43 -7 -6.6 0.4 1098 -14.88 54.15 0.419 -0.244
Table 2. Local mass fluxes at different radial coordinates along the liquid-vapor interface
Averaged | Position (a) Position (b) Position (c) Position (d) Position (e) Position (f)
mass flux | (X=0cm) | (X=02cm) | (X=0.6cm) X=1lcm) | X=14cm) | (X=1.8cm)
(Centerline)
rh X (10%)
(kgms™) 291 2.46 2.58 2.53 251 2.49 2.28
(P, = 428 Pa)
m X (10%)
(kgm?s™) 2.82 1.94 1.72 2.12 2.67 2.98 3.05
(Py =566 Pa)
rh X (10%)
(kgms™) 2.63 0.42 0.61 0.86 1.34 1.70 1.96
(Py =763 Pa)
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Theoretical analysis
By integrating the entropy equation over a control volume which consists of both liquid and

vapor phases, the following equation is derived for entropy production at the interface.*
1

S =g (-1 —m (L -

Sir =dqy (Tv Tl) m (Tl) (P-V ul) (3)
Where 1, and 1, denotes the chemical potentials at vapor and liquid sides, respectively, S;, is the
entropy production and T, and T are temperatures at vapor and liquid sides, respectively. Based
on NET, this irreversible entropy production is defined as a sum of all thermodynamic forces
multiplied with their respective fluxes".

Sir = Z JiX; (4)

Where J; represents fluxes and X; represents thermodynamic forces. The fluxes are linearly
related to the all thermodynamic forces responsible for the fluxes.

Ji = Z LiX; (5)

Considering the vapor phase as an ideal gas, Eq. 3 is derived from Eq. 7 during evaporation
process for the net mass flux and the heat flux on the vapor side. The matrix of Onsager transfer
coefficients is symmetric implying Lqy = Lyq and there exist only three independent transfer
coefficients describing the transport of heat and mass across the interface. Another equation is
needed to close the system of equations. Coupling coefficient (Kj) is introduced and defined

26,2
as 27

K= —Lqw _ <_QV > _ r“;l’v
h = P57 i ~ \hyxr?
hyy XLy hyyxm/ hlvxr:l]:ll AT=0 ©

Where rzl’:l,\, and r(‘l’:ll are resistivity transfer coefficients. Based on kinetic theory of gasses,
Bedeaux et al*® derived the following equations for resistivity transfer coefficients.

vl Vv < 16 )
Tow = X|1+—
@ 8C¥q(Ty) XT, XV, (T,) 5T
ryq = v x (1 Ml ) )
A ACY (T XRXTEXVp,, (Ty,) 251

2RTy

Where Vi, (T, = is the most probable thermal velocity, M is the molar mass, R is the gas

constant and C{,(T,) is molar density. According to the kinetic theory, hy, is equal to 2.5 RT,.

Substituting the value of hy, and values of r:;:l,\, and r:l’:}] from Eq. 9 in Eq. 8, the value of 0.18 is
obtained for Kj,. In this study, by using Eq. 3 and considering the coupling coefficient (Kj) as
0.18, all transfer coefficients were calculated in each experiment and are presented in Table 1.
Our analysis indicates that values of Ly, and Lg,, are a function of mass flux at the interface

and are not constant values. We plotted the determined coefficients as function of mass flux in
Fig. 20.
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Figure 20. The transfer coefficient of (a) Lqw and (b) Lyw as function of net mass flux during
evaporation is shown. Note that these experiments are conducted at a wide range of liquid
temperatures and vapor pressures.

As show in Fig. §, transfer coefficients Ly, and Lqy are found to be approximate linear
functions of mass flux with the following expressions.

Ly = 14.08X10™*x1i,, — 3.20x1078

Lqw = —670X1i, + 0.0213 @®)

Thus, by substitution of these expressions of coefficients in the Eq. 3, one obtains a predictive
model of evaporation only based on interfacial thermodynamic properties written as

0.00001477T,T, 1n[%] —0.0213(T, - T)
S 1

Mev = 670 0.6498 1 By ©)
T, — 670(T, — T)) + 0. T, Ty n[w]

Note that the Onsager terms may depend on nature of molecules interaction of the liquids. We
may not extend this formula to all fluids before further studies.

Examination of the predictive model for the evaporation mass flux

Since the mass flux in this predictive model is obtained in terms of experimentally
measurable parameters, it can be examined with other studies. In the steady-state evaporation
study by Kazemi et al.'?, temperature profile was measured at the centerline near the interface of
water as it evaporated under low pressures. The mass flux at each pressure was measured and the
reported values obtained are listed in Table 3.
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Table 3. Summary of evaporation experiment reported in Kazemi et al.'?

Measured Predicted

m x 10* P, P, T, T, m x 10%

(kgm?s™) (Pa) (Pa) (°C) (°0) (kgms™)
3.60 265.7+1.3 265.97 -10.82+£0.05  -10.46 £ 0.05 3.63
3.37 303.2+ 1.5 303.66 -9.15+0.05 -8.82 +0.05 3.37
3.21 369.4 + 1.8 370.19 -6.69 % 0.05 -6.40 + 0.05 3.26
3.17 435.7+2.2 436.94 -4.52 +0.05 -4.28+0.05 3.21
2.53 544.6 2.7 545.79 -1.61 +0.05 -1.40 + 0.05 2.59
2.11 672.5+3.4 675.23 1.39 + 0.05 1.56 + 0.05 2.16
1.92 815.5 £ 4.1 819.19 4.08 +0.05 4.22 +0.05 1.94

Equations 1 and 8 are used to predict the net mass flux based on the measured thermodynamic
properties in the Table 3. The predicted mass flux by the developed model here and measured
mass fluxes are compared in Fig. 21.
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Figure 21. The predicted mass flux by the developed model is compared with the reported mass
flux by Kazemi et al.'” The excellent agreement by an independent set of experiments is another
validation of the developed model.

According to Fig. 6, there is an excellent agreement between the predictions and the
measurements. This agreement supports the developed predictive model and suggest a tool that
could be used in all liquid-vapor phase change studies.
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Task 2: Mont-Carlo simulation of vapor Knudsen layer

Here, we studied molecular-scale phenomena at liquid-vapor interface through solution of

Boltzmann Transport Equation (BTE). This equation at the interface is written as

af —_ F) 3 I cr —_— —_—

a(r; v, 8) + 01 Vo f(r, vy, t) +E-V—>f(7',171; t) = fd ) f do(Q) [f{fz — fif2]lv1 — 72l
T V1

We solved the BTE equation through Mont-Carlo simulation of vapor phase adjacent to an
evaporating liquid-vapor interface. We used SPARTA package to simulate vapor molecules. The
working fluid was water and we develop the reference sub-code for water. As shown in Fig. 22,
the 2D simulation domain has width of 100 wm and the height of nA, where A denote mean free
path of vapor molecules. The boundary conditions at y = 0 is influx of vapor molecules and the
boundary condition at y = n4, is constant temperature. The boundary condition in x = 0 and x =
100 um are specular boundary condition. The boundary condition at y = nA varies from
different reported data.

Vapor Ty

Knudsen layer

Figure 22. The domain to solve BTE to determine interfacial boundary condition during
evaporation.

The measured temperature discontinuity by various groups as a function of mass flow rate are
shown in Fig. 23. The results suggest that the measured temperature discontinuity for a given
mass flow rate varies by two orders of magnitude which cannot be physically meaningful.
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Figure 23. Measured temperature discontinuity as a function of mass flux at liquid-vapor
interface.

Thus, through simulation of characteristics of vapor phase in the Knudsen layer, we determined
temperature profile in the Knudsen layer for a given boundary condition. An example of
temperature profile is shown in Fig. 24.

10

2783

2782

12781

2 4 6 8 10 12 14 16 18
10®

Figure 24. Simulation of temperature field of vapor molecules in the Knudsen layer.

Figure 9 suggests that temperature of vapor molecules that leave liquid-vapor interface
equilibrate with the imposed temperature field by the boundary condition. That is, the measured
vapor temperature at top of Knudsen layer does not reflect interracial vapor temperature of an
evaporating liquid-vapor interface. This suggest that the high values of measured temperature
discontinuity are artifact of the experimental setup and could not be used in any evaporation
theory. To determine the correct temperature discontinuity at an evaporating interface, the
supplied heat flux by the vapor phase should be close to zero. This study is ongoing to determine
the correct temperature discontinuity at an evaporating liquid-vapor interface.
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Task 3: Ultra high heat flux in nano-confined geometries

Miniaturization has been the hallmark of electronic and photonic instruments in the last few
decades. The miniaturization efforts span in an enormous range of dimension from nanoscale
transistors to thumbnail-sized chips, smartphone, vehicle electronic and server farms. This
miniaturization accompanied by enhanced functional density necessitates enhanced heat
dissipation, which has been the bottleneck of further advancement in these technologies®. The
current CPU power densities have reached to several hundred Watt per square centimeter. This
constantly growing CPU power density has introduced a high demand for advanced cooling
systems™". A range of approaches has been studied to address this high heat dissipation challenge
including jet impingement’', sprays’> and micro-channels’>**. However, thin film evaporation
with nanometer fluid thickness is considered as one of the most promising approaches to address
the future technological demands®~>***** The thickness of liquid film in this phenomenon
should be in nanometer scale to reduce thermal resistance for heat transfer. Thin film evaporation
phenomenon in micro/nanostructures is a coupled multi-physics momentum transport, energy
transport, and gas kinetics problem. The momentum transport governs the liquid flow to the
liquid-vapor interface; the energy transport governs the heat transfer to the interface, and the gas
kinetics governs the evolution of molecules from liquid phase to the vapor phase. Depending on
time scale, length scale, and the thermodynamic properties of the liquid-vapor interface, each of
these physics imposes a limit on the kinetics of thin film evaporation. Currently, momentum
transport is the limiting factor nor diffusion and kinetics of liquid molecules transformation to
vapor phase. Although great strides have been made to achieve higher limits, much work remains
to be done to reach gas kinetics limit of evaporation.

Here, we utilized concept of liquid absolute negative pressure and slip boundary condition in
nanochannels to achieve unprecedented heat fluxes through thin-film evaporation. To achieve
negative pressure at the liquid-vapor interface, we fabricated an array of closed nanochannels as
shown in Fig. 25a. The fabrication processes were discussed in the previous report. The
developed structure is made up of 9 sets of nanochannels and two micro-reservoirs placed
perpendicularly along the two ends of the nanochannels. Each set of nanochannels consists of 11
separate channels with width of 6 um, depth of (40-100 nm) and length of 1.6 mm. The
reservoirs are 2 mm in width, 4 mm in length and 25 um in depth. These micro-reservoirs pump
the liquid to the channels via capillary force for evaporation. The geometry of the channels was
examined with Scanning Probe Microscopy (SPM). As shown, the developed channels are highly
uniform and consistent. This consistency allows us to have a sound interpretation of the
experimental results. To achieve slip boundary condition at solid-liquid interface, we grafted
monolayer of graphene on the developed Si nanochannels through direct transfer method. The
profile of the nanochannels after Graphene transfer is shown in Fig. 25.

As shown, the Graphene monolayer has not affected profile of nanochannels. Once developed,
the Graphene structure is probed with Raman Spectroscopy as shown in Fig. 26. The spectrum
shows structure of Graphene with some defects. To finalize development of channels, the
channels are sealed with borosilicate glass with a thickness of 1.1 mm through anodic bonding.
The developed nanochannels were cleaned thoroughly before the experiments through plasma
cleaning. We chose isopropyl alcohol as the working liquid in all experiments as it provides
complete wettability of Si nanochannels and contact angle close to zero.
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Figure 25. The profile of Si nanochannels with grafted monolayer of Graphene. Direct transfer
method enabled us to have a uniform profile in the channels.
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Figure 26. Raman spectroscopy of nanochannels after being transferred on the Si nanochannels.
The peaks shows that the transferred Graphene has low defects.

Initially, we looked at wetting characteristics of these nanochannels. This provide a good insight
on the solid-liquid boundary condition. The wetting dynamics of working fluid in these channels
is shown in Fig. 27a. This dynamic is plotted for four representative channels. The results
demonstrate that velocity and consequently mass flow rate in these channels compared to Si
nanochannels is an order of magnitude higher. That is, slip boundary condition in these channels
has provided a unique tool to overcome momentum transport limit in these nanochannels. We
also studied de-wetting characteristics of these nanochannels in Fig. 27b. De-wetting velocity in
these channels is also an order of magnitude faster than Si nano-channels. Theoretical analysis is
ongoing to provide a predictive model for wetting and de-wetting of these channels. The finding
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of the study shows that through nano-scale confinement of fluid and slip boundary condition at
solid-liquid interface, one could develop spreaders for extreme heat dissipation.
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Figure 27. Wetting and De-Wetting characteristics of Graphene grafted nanochannels. The velocity in
these channels is an order of magnitude higher than Si nanochannels.
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