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Abstract

Heat dissipation is a limiting factor in the performance of integrated circuits, power electronics
and laser diodes. State-of-the-art solutions typically use air-cooled heat sinks, which have limited
performance owing to the use of air. One of the promising approaches to address these thermal
management needs is liquid vapor phase-change.

In this thesis, we present a study into the design and modeling of a cooling device based on thin
film evaporation from a nanoporous membrane supported on microchannels. The concept utilizes
the capillary pressure generated by the small pores to drive the liquid flow and largely reduces the
viscous loss due to the thinness of the membrane. The interfacial transport has been reinvestigated
where we use the moment method to solve the Boltzmann Transport Equation. The pore-level
transport has been modeled coupling liquid transport, vapor transport and the interfacial balance.
The interfacial transport inside the pore also serves as a boundary condition for the device-level
model. The heat transfer and pressure drop performance have been modeled and design guidelines
are provided for the membrane-based cooling system. The optimized cooling device is able to
dissipate 1 kW/cm? heat flux with a temperature rise less than 30 K from the vapor side. Future
work will focus on more fundamental understanding of the mass and energy accommodation at
the liquid vapor interface.
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1. INTRODUCTION

1.1 MOTIVATION

Heat dissipation is a severe limiting factor in the performance of integrated circuits, power
electronics and laser diodes. Higher processer densities and performance inevitably lead to a rise
in the heat flux generated by these electronic devices. With the advent of multi-core processors,
thermal management challenges in integrated circuits have been mitigated to some extent in recent
years, but not all the computing tasks can be coded into parallel processes where the multi-core
approach is applicable [1]. Therefore, development of efficient cooling strategies is still of great
importance for the thermal management of CPU chips. Besides the microprocessors, the power
electronics, for example gallium nitride (GaN) power amplifiers (Figure 1(a)), is also faced with
great thermal management challenges. The hotspot heat flux has been demonstrated to exceed 5
kW/cm? with background heat fluxes in excess of 1 kW/cm? over a planar area of 5 to 10 mm? [2].
A similar heat dissipation requirement has also been found in laser diodes (Figure 1(b)) with heat
fluxes that exceed 5 kW/cm? [3]. Traditional cooling systems rely on conduction through thermal
stacks and/or the natural or forced convection of air, and are generally limited by size, weight, and
power [4] and hence cannot meet the heat flux demands these high power devices. Consequently,

we need to develop a new cooling technique to achieve more efficient heat removal.

L |
CEEENEEE EEE N EEEEE BEEGEEER

®)

Figure 1 High power electronics that can generate intensive excessive heat fluxes: (a) RF power
amplifier [5] (b) laser diode arrays [6].
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1.2 BACKGROUND

Many approaches have been pursued to reach high heat dissipation, including pool boiling, flow
boiling and thin film evaporation, all of which involve two phases (liquid and vapor) and take

advantage of the latent heat of the fluid as opposed to single phase cooling.

Pool boiling systems, which do not require power input can reach heat fluxes over 100 W/em? [7].
However, the héat removal rate is limited by the critical heat flux, which is the transition point
between nucleate boiling and film boiling. Beyond that point, the interfacial thermal resistance
will increase considerably. A lot of work has been done to enhance the CHF, including nﬁodifying
the boiling surface by adding microstructures [8], changing the wettability [7], or depositing
nanoparticles [9]. The mechanism under these enhancements is still on an early investigation stage,
but it is generally explained by the delay of dry-out and increase of nucleation sites due the micro-

structures.

Instead of passively cooling the heated surface as pool boiling, flow boiling relies on active
pumping of the liquid. In particular, flow boiling in microchannels has proved promising for
~ efficient cooling due to its high surface volume ratio, where heat dissipation of ~ 300 W/cm? has
been achieved with a heat transfer coefficient ~ 10 W/cm?-K [10]. However, the performance of
flow boiling cooling techniques is fundamentally limited by instabilities [11]. There have been
studies on controlling the instability with flow restrictors, but they lead to excessive pressure drops
across the microchannel and consequently require a much larger pumping power which

significantly reduces the coefficient of performance (COP) of the whole cooling system [12].

In these microchannel flow boiling devices, the best heat transfer performance is achieved in the
annular regime where thermal resistance in the liquid film is relatively low due to its thinness. It
is natural to reason that since heat has to conduct throﬁgh the liquid film (a thermal resistance)
before it reaches the interface, the total heat dissipation will be more efficient if the phase change
process occurs at the interface of thin liquid films. One way t<; reach thin film phase change is to
do jet impingement cooling, where liquid jets of high speed impinge on the hot surface and form
a very thin layer. The evaporation of this thin film can remove heat very efficiently. (A 500 W/cm?
heat flux has been demonstrated with water spray combining evaporative cooling and liquid sub-
cooling [13].) However, the pumping power to create the high speed liquid flow significantly

decreases the coefficient of performance of such systems, which limits their application. This gives
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rise to the idea of thin film evaporation with nano/micro wicks. Some recent studies have utilized
micro/nano-structured wicks, including sintered copper mesh coated with carbon nanotubes,
titanium nanopillars and oxidized copper microposts to draw the liquid using the capillary pressure
and form the thin film to facilitate evaporation [14-16]. Heat fluxes as high as ~ 550 W/cm? have
been achieved with the heat transfer coefficient ~ 15 W/cm?-K in a mixed evaporation and boiling
mode where instabilities can still occur. However, since the liquid is supplied to a very thin region,
viscous loss along the flow path becomes another challenge [17]. Therefore, the thin evaporation
approaches above are fundamentally limited by the coupling of viscous loss and capillary pressure
when it comes to small sizes. When the size becomes smaller, the capillary pressure goes up as

well as the viscous loss.

Nanoporous
membrane

Microchannel

Liquid supply at T, and P, (T,.)

Figure 2 A thin nanoporous membrane-based cooling design: Liquid is driven into the nanopores
via the microchannels with the help of the high capillary pressure generated by the nanopores. Heat
conducts through the channel walls, spreads through the membrane and then arrives at the liquid vapor
interface where evaporation takes place.

Based on those fundamental challenges, a membrane-based cooling design was proposed by Xiao,
et. al. [18], utilizing a thin nanoporous membrane supported by microchannels. The heat and flow
path can be found in Figure 2. Liquid is driven into the nanopores via the microchannels with the

help of the high capillary pressure generated by the nanopores. Heat conducts through the channel
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walls, spreads through the membrane and then arrives at the liquid vapor interface where
evaporation takes place. The liquid inside the small pore is of the diameter ~ 100 nm which
corresponds to very small thermal resistance and the major contribution to the viscous loss is due
to the flow in the microchannel. Hence, the viscous loss in the system/device is decoupled from

the capillary pressure generated by the pore due to the thinness of the membrane.

1.3 THESIS OBJECTIVES AND OUTLINE

The objective of this thesis is to establish a model framework and offer design guidelines for such
membrane based cooling devices. This thesis investigates this design in terms of both pressure

drop and heat transfer. The structure of this thesis is outlined below:

In Chapter 1, the motivation and background of developing a new cooling strategy has been

discussed. The overall design of a membrane-based cooling device has been given.

In Chapter 2, we describe the overall model framework for this cooling device and discuss the

boundary conditions that we need.

In Chapter 3, we investigate the general problem of evaporation from a half-space liquid phase to

a half-space vapor phase with a planar liquid-vapor interface.

In Chapter 4, we develop a pore-level model to capture the interfacial transport in a pore, which

we can apply as a boundary condition to the whole device.

In Chapter 5, we incorporate the pore-level model into the device model to predict the heat transfer

performance of the device and offer guidelines of the overall design.

In Chapter 6, we make concluding marks and discuss ongoing work.
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2. MODEL FRAMEWORK

The cooling device proposed in [18] relies on the evaporation from a thin nanoporous membrane
supported on microchannels. The heat conducts through the channel walls, spreads through the
membrane and then arrives at the evaporation site. The liquid is supplied into the nanopores via
microchannels. There are two major aspects that we would like to evaluate for a certain design of
this cooling device: the heat transfer performance and the pressure drop performance. In terms of
heat transfer, we are interested in the temperature rise on the bottom of the device for a given heat
flux input. Despite the decoupling of the capillarity from the viscous losses in this novel device
configuration, we would also like to know its performance limits (the capillary pressure generated
by the pore is large enough to passively drive the flow) and if added pumping power must be input

into the cooling system to maintain its high heat dissipation capability.

2.1 PRESSURE DROP

For the purpose of this analysis, we assume that the system depends only on passive pumping.
Hence the capillary pressure dictates the\ total flux that can be dissipated in the concept.
Consequently, the total pressure drop in the device needs to be smaller than the capillary pressure
generated by the membrane pores. The liquid is supplied via microchannel and then wicks in to
nanopores due to the capillarity. The pressure drop contains two part: the pressure drop along the
microchannel and the pressure drop inside the pore. For the first part, we can model the fluid flow
using Hagen-Poiseuille equation modified for rectangular channels (Equation 1):

- -1
£=_£2‘il_6_§£tanh(”_b) (1)
dx |3 b 2c

where x is the length along the flow path, 4 is the liquid viscosity, and ¢ and b are the length of the
two sides of the channel cross-section. For the second part, we need another boundary condition
for the pressure drop calculation and we rely on the pore-level interfacial transport which we will

elaborate on in Chapter 4.
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2.2 HEAT TRANSFER

We already know that heat conducts through the channel walls, spreads through the membrane and
goes across the liquid to liquid-vapor interface where evaporation occurs. Considering the periodic
feature of the structure in this device (Figure 3), we can take one slice of the device as a unit
working cell. We include part of the substrate in our thermal model to take into account the
constriction resistance. A uniform heat flux is applied to the bottom. The lateral boundaries are
assumed to be adiabatic. Still, we need more information about the evaporative flux on top. Similar
to the pressure drop problem, we need to first solve for the pore-level transport which can serve as
a non-linear boundary condition for the device-level model. In this way, we can bridge the gap
between different scales. However, before that, the more general problem, the one-dimensional

steady state evaporation problem, needs to be re-investigated

Figure 3 One working unit of the cooling device: periodic boundary conditions are applied to the lateral
walls, a constant heat flux is applied to the bottom of the device and the evaporative flux needs to be adapter
from the pore-level transport

16



3. INTERPHASE MASS TRANSFER

A more general problem of evaporation is the steady state evaporation from half-space liquid into

half-space vapor at a steady state, which serves as a boundary condition of the pore-level transport.

3.1 PROBLEM FORMULATION

Vapor
Gas dynamic region

I Evaporation

Knudsen layer
S S
Liquid \Interface
Figure 4 Formulation of the one-dimensional steady state evaporation from half-space problem: the

vapor flow is first of very high non-equilibrium and then relax itself to reach Euler equilibrium

Figure 4 describes the vapor flow structure near the evaporating surface (S). To simplify the
problem, we assume ideal gas behavior in the vapor phase. The temperature of the condensed
phase surface is assumed to be 7 while the far field vapor temperature is assumed to be 7. We
denote P as the pressure of vapor that is in equilibrium with the liquid phase. Very close to the
liquid-vapor interface, within the so-called Knudsen layer [19], the vapor flow is highly non-
equilibrium and the velocity distribution function (f) differs much from the equilibrium case. At a
certain point in the evaporation space, the vapor molecules relax themselves to reach Euler
equilibrium where the velocity distribution can be described using the Maxwellian distribution

with a drift of the bulk vapor velocity uw:
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2
exp u’+u?+(u,-u,)
dp 2RI,
Jo=—"= 32 )
Pa (27RT,)

where po is the vapor density in the far field, and u,, u, and u are the molecular velocity in x, y and

z directions respectively. At this time, we first denote the vapor velocity distribution function at
the interface as /. Since the emission of molecules from the evaporating surface should not be
influenced by the vapor conditions, we assume that the velocity distribution in the emitted
molecules follows the half-Maxwellian distribution. For the vapor molecules directed back to the
interface, different approximations have been made in literature and considered in the sections
below.

3.2 PREVIOUS APPROACH

The most commonly used assumption can be traced back to Schrage’s work in 1953 [20]. Schrage
assumed that the vapor molecules that are directed back to the liquid-vapor interface follow the
velocity distribution of the negative part of the velocity distribution in the far field, ie., f. = fo™
Then by conserving mass flux between the far field and the evaporating surface, the interfacial
flux is derived as a function of the pressure and temperature both in the far field and at the
evaporating surface (four parameters). However, recent studies [19, 21, 22] have shown that in
this derivation, only mass conservation has been considered while momentum and energy
conservation are not allowed, which makes the approach inconsistent. On the other hand,
numerical studies [23] of the Boltzmann Transport Equation (BTE) which governs this transport
problem have shown that the evaporative flux is a function of only three of the four parameters of
the system (the pressure, and the temperature both in the far field and at the evaporating surface).
In other words, Schrage’s approach over-constrained this one-dimensional steady state

evaporation problem.

3.3 CURRENT APPROACH

The main aspect that Schrage did not take into account is the highly non-equilibrium state of the
vapor near the interface which consists of two opposite flows of molecules. We denote ¢ as the
accommodation coefficient which denotes the portion of incident vapor molecules that will

condense into the liquid phase. We assume that the portion of excited liquid molecules that will

18



leave the interface is also & and for the purpose of this analysis, we take & as a constant. Therefore

the velocity distribution of emitted molecules is then:

ul+u’ +u’
T

3/2

fade_

Peg (2zRT)
where pe, is the equilibrium vapor density that can be determined from P.; and.T. As to the vapor

for u, >0 3

molecules directed back to the interface, we approximate the distribution function using the same

approach as in [19]:
exp wlvu?+(u,~u,)
dp 2RT,
f=—"F= 7 for u, <0 C))
P- (2~RT,)

where p. has the units of density and is an unknown. By conserving mass, momentum and energy

respectively while taking into account the evaporation and condensation coefficient, we have:

a]duz ?du, T[ Pofou.du, = e]duz G_O[dulr u]o"peq Su.du,

- P &)
+ ‘].duz Id“x I&p_ Sudu,

ejduz ]'dux ? Pofou du, = ‘]'duz e]'dux a]-é'peq Ju'du,

-7 Y ©

+ (]-duz e]dux '] 3p_fu, du,

wjduz r‘j‘dux T“ Potfotl, u"2+—u;2+£2—'duy = ]‘duz ]'dux ‘],67)“1 Ju, u"2+—u§+-z-‘-‘-2—duy
- S @)
+']'du, [au, [6p_fu, Wduy

From the three equations above, we can solve for the three unknowns (u#, po and p.) which
complete our knowledge about the vapor phase. This moment method of solving non-equilibrium

flow shows satisfactory agreement with numerical solutions of the BTE [21].

Figure 5 plots the interfacial flux as a function of the temperature ratio from the evaporating surface
to the far field for three different fluids (octane, water and pentane evaporating into its own vapor

at 300 K). The heat flux increases sharply with the interface temperature as the molecule emission
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intensity increases. One might think water is certainly the best fluid in terms of heat dissipation

because of its large latent heat value and this explains why water has a higher heat flux than octane.

However, what is more important than latent heat in this case is the energy density or the product

of latent heat and vapor density. Water vapor has a very low saturation pressure which corresponds

to a very low density compared pentane vapor which has a very high saturation pressure. This

explains why pentane has a larger interfacial heat flux than water. In the following analysis, we

continue to use water as an example fluid to illustrate how the overall model framework works.
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Figure 5

Interfacial heat flux as a function of the temperature ratio between the evaporating surface
and the far field vapor for three different fluids (octane, water and pentane)

Besides the working fluid, another parameter that might influence the interfacial transport is the

accommodation coefficient. For water, most experimental studies indicate that the accommodation

coefficient is much less than 1 (~ 0.1 or 0.01), which means the molecular exchange at the interface

is not of high intensity. This contrasts with molecular dynamics studies which give results that are
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close to unity. We will elaborate further on this effect of the accommodation coefficient in the

pore-level transport chapter.

34 SUMMARY

We have investigated a one-dimensional steady state evaporation problem. Inconsistencies in the
previous mass conservation based derivation have been addressed and an alternative solution
method has been suggested to mitigate the irregularities of past work. The moment method of
solving BTE has been adapted to relax the over-constraints of previous derivations and shows very
good agreement with numerical studies. The interfacial heat flux has been shown to be a function
of the interface température and the effect of the fluid properties are very important to the resultant
heat flux. More importantly, the power density in the vapor phase rather than the latent heat of the

fluid has been proposed as a critical criteria when choosing the best fluid for heat dissipation.
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4. PORE-LEVEL TRANSPORT

Evaporation from nanostructures is of fundamental interest since sub-continuum transport and
intermolecular interactions become relevant at such scale. Previous studies [24-28] that model
evaporation from a pore generally follow the framework developed in [28]. The augmented
Young-Laplace equation [27] on the liquid-vapor interface was solved together with the fluid
mechanics and heat transfer inside the liquid domain. In Figure 6, heat flux go through the pore
wall, across the liquid and then arrives at the liquid-vapor interface where it is taken away by the

vapor and the fluid flows through the pore to reach the evaporation site.

-
B Adsorption
B, layer

Heat
Transfer
Liquid
flow :
Figure 6 Previous approaches that model evaporation from a pore: the heat transfer and fluid

mechanics are solved in the liquid phase assuming that the meniscus is fully extended (dr/dz = 0) at the
joint of the adsorption layer and evaporative meniscus) and the interfacial flux can be calculated by
Equation 8.

Note that there are two assumptions built in this kind of approach. First, the meniscus is parallel

to the vertical pore wall at the intersection of the adsorption layer and the evaporative region. This
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is not necessarily the case when the meniscus is pinned at the top of the pore. Second, the mass

flux on the liquid-vapor interface can be calculated by Equation 8 [20].

5 (P
e 20"\ eqg P, ®)
2-6\N27RT 27RIT,

where the evaporation coefficient and the condensation coefficient are assumed to be equal (to &),

Peq is the pressure of vapor in equilibrium with the liquid, T is the temperature of the evaporating
surface, P and 7. are the pressure and temperature in the far field respectively, and R is the gas
constant of the vapor. Equation 8 (or even its more general form which has a bulk vapor velocity
correction factor [20]), however, considers only mass conservation and does not allow momentum
and energy balance. It diverges considerably with numerical solutions of Boltzmann Transport
Equation [21]. Moreover, this expression fails to include the sub-continuum feature of the transport

when the pore size comes down to hundreds of nanometers.

4.1 PROBLEM FORMULATION

In the present study, a new model framework has been developed to address the above issues. We
model a cylindrical pore in contact with a liquid supply on the bottom and exposed to the vapor

phase on top as shown in Figure 7 (a) and (b).

Vapor at T, Vapor at T,

P i

i (b)

Figure 7 A nanopore is exposed to a vapor ambient on one side and on the side in contact with the
liquid phase that wets the pore wall. The pore system falls into different working regimes under different
operating conditions: (a) meniscus pinned at the top of the pore and (b) meniscus that recedes inside the
pore.
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We consider the case that the liquid wets the pore of which the diameter is on the order of 10 —
100 nm. Assume that the far field vapor temperature is given as 7. Without losing generality, we
prescribe the liquid entrance pressure Pe at the pore inlet and the average temperature T of the
meniscus region which we defined as the liquid above the horizontal plane cutting through the
center of the meniscus (the dash region in Figure 7 (a) and (b)). Those parameters mark the working
condition of this microscopic system. They are in reality often cbupled and can be iterated with
the macroscopic fluid mechanics and heat transfer. In the present work, we are interested in the
steady state evaporative flux over the pore area as a function the prescribed parameters for a given

pore geometry.

As the operating condition varies, this pore system may work in different regimes. We shall
consider only the case that the liquid pressure is less than the vapor pressure on the interface,
otherwise the liquid may flood the top surface of the pore. When the pressure difference across the
interface is relatively small, the meniscus tends to be pinned at the top as shown in Figure 2 (a). In
the pinning regime, the meniscus responds to different working conditions by changing the
interface shape. When it is fully extended (which past work assume to always be the case), the
meniscus holds the maximum interfacial pressure difference. If we further reduce the liquid
entrance pressure or increase the working temperature that point, the meniscus will recede into the
pore as shown in Figure 2 (b). In the receding regime, the interface keeps the same shape while
moving up and down inside the pore. In this way, it changes the viscous loss in the liquid phase to
maintain the pressure difference across the interface. If the interfacial pressure difference is still
too large for the meniscus to hold even when the meniscus recedes to the bottom of the pore, the

vapor will expand into the liquid supply and the pore system will dry out.

For our analysis, a heat flux (¢§”) on the order of 1 kW/cm? is considered since this work is a
benchmark case. In Figure 8 we chose a fixed pore diameter of 100 nm and a pore length of 200 nm
in this study, which can result in a high capillary pressure (~ 2 MPa for water) while minimizing the
viscous loss. Deionized water is considered as the working fluid and the pore wall is assumed to be
silicon, which has a relatively high thermal conductivity such that the wall temperature is assumed to
be uniform (7). We set the condenser temperature and pressure to be fixed parameters based on the
desired operating conditions. Specifically, in this study T = 300 K and P is the saturation pressure

of water at T. On the other hand, the liquid entrance pressure (Pen) and the wall temperature (7w)
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are two local variables which determine the interfacial transport. We sweep the parametric space
of Pen and Twto understand the dependence of the interfacial heat flux and heat transfer coefficient

on these two governing parameters.

Condenser

200 nm Silicon

Figure 8 Schematic of each domain, showing the model inputs and the cylindrical coordinate
system; the pressure and temperature at the condenser (P and 7.), and the pore geometries (radius and
length) are predefined parameters.

In the pinning or receding regime, we evaluate the effects of temperature and pressure variance
inside the meniscus region by plugging in properties of liquid water and taking heat flux as
G" = 1 kW/cm?, pore radius as rpore = 50 nm, the reference temperature as 7 = 300 K. Then
relative temperature variance within the meniscus region can be estimated as "7, /KT < 1.
Hence, the interfacial transport will not be significantly influenced if we neglect this temperature

variance.

The pressure variance APj; in the meniscus region can be approximated as yym/2mr5,,.. This
results in a change in the equilibrium vapor pressure AP,,/P., = exp[AP;/(p,RT)] — 1 K 1.
Additionally, this pressure variance contributes very little to the interfacial pressure
difference, AP;; /AP;,, << 1 which implies that the meniscus shape is not sensitive to the viscous
loss in the meniscus region. Therefore, the variance of pressure inside the meniscus region does
not have much impact on either the intensity of molecule emission on the interface or the apparent

evaporation or condensation coefficient.
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42 MODEL DESCRIPTION

In order to model the interfacial transport inside a pore, we need to couple the vapor transport,
liquid transport and the interfacial balance. Outside the pore, we can well model the molecular
transport using the moment method. For the transport process inside the pore, we assume that the
vapor is in the free molecular regime since the characteristic length (~ 100 nm) is less than 10%
of the mean free path in the vapor phase (~ 1.1 pm). We shall first investigate the probability of a
liquid molecule being emitted from the interface and escaping the pore as well as the probability
of a vapor molecule condensing onto the interface after reaching the pore outlet. We follow a
similar approach developed in [29] assuming free molecular vapor flow inside the pore. In
Figure 9, we imagine a virtual horizontal plane (Plane 1) right on top of the meniscus. Considering
the evaporation case, the probability of a liquid molecule at the interface to go across Plane 1 (G,,)
can be related to & by using the radiation heat transfer analogy. Assuming the recondensation
coefficient of an emitted molecule is the same as its evaporation coefficient, to maintain the

“surface resistance”, we have

~

-6, 1-06
— == )
0,4, 04,
where A. is the cross-section area of the pore and 4 is the surface area of the meniscus. On the

other hand, the transmission probability of a molecule through a pore has been calculated in [30]

under the free molecular flow assumption:

PN [(S—L'Z)\/L'2+4+L'3—l6]2
p=l+2 -
* ‘2
1IN +4 —2881n(l'+— “ZL”}

4 4
where the reduced pore length L' is defined as the dimensional pore length over the radius. Note

(10)

that a molecule can be directed back to the interface from the pore wall and then reflected, but it
has to go across Plane 1 an odd number times for it to eventually escape the pore. Let’s define E,
as the probability of a liquid molecule at the interface to reach the pore outlet after going across

Plane 1 2n— 1 times (n = 1, 2, 3 ...). Then E,+; can be related to E, as:

En+1=—%(1—71)'(1-61)-n=En°(1—'7)(1-&1) an

26



Pore outlet

> U
™ e saas T z
g Pore outlet
Meniscus
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Figure 9 Vapor transport in the pore' system: (a) emitted molecules first reach Plane 1 with a

probability &,, and the transmission probability from Plane 1 to the pore outlet is 1; (b) vapor transport
outside the pore with the far field vapor in Euler equilibrium and the near interface vapor velocity
distribution.

It is obvious that E; = &;n and {E,.} is a geometric sequence. Then the apparent evaporation
coefficient from the pore outlet or the overall probability of a liquid molecule being emitted from
the interface and escaping the pore can be calculated as:
&ngE"=1—(1—f)l(1—6'1)zn(l—g())—2"+&Am (12)
Note that the interfacial transport takes a great hit as the meniscus recedes inside. Therefore we

would like to keep the meniscus pinned at the top (7 = 1).

In order to determine the overall cooling performance, the shape of the evaporating interface is
first investigated. We use a cylindrical coordinate system with the origin set at the center of the

meniscus, as shown in Figure 8, to derive the governing equations at the interface.

Due to the small pore, the vapor pressure on the interface (Py) is expected to be uniform. The

continuity of the chemical potential across the interface requires:
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where psar is the chemical potential corresponding to the saturation state. R denotes the universal

(13)

gas constant and M is the molar mass.

j Evaporative flow

No-slip
Entrance
pressure €"
(a) (b)
Figure 10 Boundary conditions for (a) liquid-vapor interfacial pressure balance and (b) liquid

transport inside a pore

The variation of liquid pressure on the interface is then also negligible according to Equation 13.

Meanwhile, we consider the normal stress balance at the interface as follows:

F,—F,=2ox+11, (14)
The interfacial pressure difference consists of two parts in Equation 14: the first term arises from

the curvature of the interface (k), signifying the surface tension effect. The second term, the

disjoining pressure 14 is given in [25, 26] as

2

&€, wk,T -A

IL(r)=——— ( 5 ] + ; (15)
2(rpm —r) e 67r(rpm —r)

where ¢ is the dielectric constant, &, is the vacuum permittivity, kg is the Boltzmann constant, Z

is the number of charge per ion and e is the elementary charge. The first term in Equation 15

represents the electrostatic force between the solid and the vapor, which has been generally ignored
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in traditional models [28, 31-33] and the second term is the van der Waals interaction which is
evaluated with a non-retarded Hamaker constant 4 [34] between the solid (Medium 1) and the
vapor (Medium 3) across the liquid (Medium 2).

a=3% T(gl_g’J+3hV‘ ()" ) (16)
4" g+ ) 82 Jnlz +n? \/nz2 +n,? (\[”12 +n,’ +W)

This expression of disjo ining pressure will encounter a singularity at the pore wall and the
existence of an adsorption layer eliminates this singularity. The thickness of the adsorption layer
can be approximated by setting the local evaporation rate as zero. The calculated adsorption layer

thickness is less than 1 nm following Equation 17.

Ri_(p,RTln-gi+PmtJ= o +..i (17)

where the LHS is the pressure difference between the vapor and the liquid in equilibrium with it
(from Equation 13). When the interfacial pressure difference is relatively small, Equation 14 can
be integrated from » = 0 to r = rp — . The maximum pressure difference that the meniscus can
hold can be evaluated by adding another constraint (dr/dz = 0 at r = r,— 3). Since the system is
not at equilibrium, Py;does not equal to the equilibrium vapor pressure but can be iterated with the

vapor transport. Right at Plane 1 in Figure 9(a), the number density in the vapor phase is

~

o,

o-cl

© © «© 0 © 0
pr = [du, [au, (6,0, fdu,+(1+1-6,) [du, [du, [-Z p_fdu, (18)
0 -0 —0 —0 —0 —0
The RHS includes the molecules being emitted, directed back and being reflected, all evaluated at

Plane 1. Then we can balance the mass and momentum flux between Plane 1 and the far field:

Py = ]'duz gj-du,r T[ Pt u.du, (19)
pu’+P, = c]‘duz (]dux cj' Po fwuzzduy (20)

where u is the bulk vapor velocity at Plane 1.

In the liquid domain, we assume a steady, incompressible and axisymmetric flow. The bulk liquid
velocity (V1) is approximated by energy conservation: V; ~ g’/ (hgp1), where hy, is the enthalpy of
vaporization of water, and p;is the density of liquid. Therefore, the Reynolds number in the liquid

- phase can be expressed as:
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where D is the pore diameter. Due to the low Reynolds number, the liquid flow inside the pore is

Re, ~107° (1)

in the laminar regime. The governing equation for the balance of linear momentum is then given

as:

pu-Vu=-VP+pVu 22)
where the unsteady term and body forces are neglected. The pore inlet pressure is set as the
boundary condition, P... While the liquid is transported to the interface and evaporates, the
temperature gradient along the interface can potentially induce Marangoni convection. Buffone
and Sefiane [35, 36] reported that Marangoni convection can play an important part when
evaporation occurs inside a micro-scale capillary tube. For the dimensions of interest in this study,
we can estimate the temperature difference inside the liquid domain considering the heat
conduction: AT ~ (¢’ ki )L, where ki denotes the thermal conductivity of the liquid and L is the

characteristic length of the problem domain. The Marangoni number is then calculated as

Mag=—— (23)

where ¢ denotes the surface tension, yu; is the liquid dynamic viscosity and a is the thermal
diffusivity of the liquid. The calculated Marangoni number (~ 5) is less than 80, which suggests
that the Benard-Marangoni instability is not likely to occur.

At the liquid-vapor interface, mass conservation results in the following equation which equates
the liquid mass flow rate to the interfacial vapor mass flow rate in Equétion 19 (a). Liquid flow is
also coupled with the overall heat transfer through the convective term in the energy conservation

equation:

pe,u-VT =V-(kVT) (24)
In order to determine the boundary conditions for heat transfer, the liquid inlet is assumed to be
adiabatic and the pore wall is assumed to be maintained at a constant temperature (7). At the

interface, the evaporative heat flux is equated to the heat flux due to heat conduction in the liquid.

n-(~kVT)=pu-n-h, 25)
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Figure 11 Computational flow chart to solve for the flux across the pore system: (a) test if the system
goes beyond the pinning regime and iterate around liquid and vapor pressure at the interface, Pli and Pvi
(b) iterate around the reduced length L if the system is in the receding regime.

Given an operating condition of this pore system, we are then able to determine the working regime
and calculate the flux across it. We initialize the computation by setting Py the same as Pey, and Py;
the same as Puwr (7). As shown in Figure 11(a), we first test if Equation 14 on the interface is
convergent around the adsorption layer to determine whether the meniscus will recede. If the
pressure difference is more than what the interface-can hold, then we reach the receding regime. If
not, we still stay in the pinning regime and an interface shape can be calculated. Then with the
help of vapor transport analysis, we can recalculate Py;. If it converges to the previous value, then

we can plug the mass flow rate into the Equation 20 to recalculate Py If this also converges, then
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the transport problem in the system is solved in the pinning regime. If the convergence is not
reached, we keep iterating around Py; and Pi. In the receding regime (Figure 7(b)), since the
meniscus is fully extended, the interfacial pressure difference and the meniscus shape are both
known. Then for a given receding length (L), the interfacial transport is determined and Py can be
calculated from the vapor side. Also, P is related to L via the liquid transport. Therefore, we can
iterate around L to solve for the interfacial transport in the pinning regime as shown Figure 7(b).

The relative tolerance and convergence criterion during the computation is set as 110,

1
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Figure 12 (a) Pore-level heat flux normalized over the pore cross-section area as a function of the

entrance pressure for selected superheats and accommodation coefficients. (b) The shape of meniscus for
selected entrance pressures at 20 K superheat with accommodation coefficient of 0.1

Using this computational strategy, we able to solve for the pore-level transport. Figure 12 (a) plots
the pore-level heat flux normalized over the cross-section area of the pore as a function the entrance

pressure for some selected superheats and accommodation coefficients.

Since the liquid is supplied to the pore passively via capillarity, we expect negative pressure under
the pore, i.e., at its entrance. When the entrance pressure is too negative, the meniscus cannot hold
the pressure difference across the interface and the interface recedes into the pore and the system
dries out. Before the dry-out, the interfacial heat flux is enhanced for a higher value of superheat
or for a higher accommodation coefficient as we expected. In addition, when the accommodation
coefficient equals one, the heat flux remains unchanged as the entrance pressure decreases.

However, when the accommodation coefficient is 0.1, as the entrance pressure decreases the heat
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flux gradually increases which can be explained by the meniscus shape change. Figure 12 (b) plots
the interface shape for some selected entrance pressures. The meniscus extends itself to generate
more capillary pressure as the entrance pressure decreases. This extension of the interface gives
rise to more surface area for evaporation and thus enhancing the interfacial transport. To
understand this, consider a radiation analogy, where for a gray body, the more surface area, the
higher apparent emissivity (the accommodation coefficient less than 1), however when it comes

to a black body (the accommodation coefficient equals 1), the surface area is not relevant.

10 |
q"
(kW /cm?)
10"}
10 20 30 20 50
Figure 13 Pore-level heat flux as a function of superheats for selected accommodation coefficient

In reality to maintain a stable operating mode, we would like to operate a cooling system designed
around this pore model where the heat flux is insensitive to the entrance pressure or in Figure 12
(a) where entrance pressure is greater than -1 MPa. In this regime, the pore-level heat flux is only

a function of temperature as shown in Figure 13.

It is also indicated in Figure 13 that the pore heat flux is highly dependent on the value of the
accommodation coefficient. The understanding of this parameter is still at an early stage [37] and
it will be our future work to do theoretical modeling and experimental characterization of this

parameter.
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4.4 SUMMARY

A more consistent model has been developed for the heat and mass transfer near a meniscus inside
a nanopore. A more accurate description for vapor transport has been adapted to calculate the
interfacial flux and recondensation inside the pore has been considered. The laminar flow, heat
transfer and vapor transport problem were all solved in terms of the local temperature and the
liquid supply pressure. The interfacial heat flux constantly increases with the local pore wall
temperature and is also highly dependent on the pressure at the pore entrance when it is relatively
low. The current pore-level model relates the nano-scale transport to macro parameters and can
serve as a non-linear boundary condition to the device model which is discussed in the following

chapter.
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5. DEVICE PERFORMANCE MODEL

For electronic cooling applications, the dependence of temperature drop on can be used to manage
the temperature at hot spots independently from background heating zones. Without a heat
spreader, large maximum lateral temperature change will be expected. Only with an embedded
thermal management approach that can be customized to cool hot spots independently from
background regions can the traditional thermal stack of heat spreaders and thermal interface
materials be eliminated, thereby significantly improving thermal dissipation in advanced

electronic devices.

Now that we have modeled the interfacial transport, we have enough boundary conditions for the
cooling device which can mitigate this spreading problem. For a given design, we can calculate
the pressure drop in the microchannel and make sure that the heat flux does not fluctuate much
with the entrance pressure. To model the heat transfer performance, we applied the function
graphically described in Figure 13 as a non-linear boundary condition for the evaporative flux in

Figure 3.

5.1 CASE STUDY

We fix the flow length in the micro channel to be 100 um, which makes this concept ready to scale
up. We can vary the channel width, channel height, as well as the membrane parameters (pore

radius, porosity and membrane thickness) as shown in Figure 14.

Membrane (porosity, pore radius)

[
~—

sp w

Substrate

Figure 14 Geometric parameters in the cooling device that we sweep in the optimization process
including the membrane geometries (porosity, pore radius, thickness) and microchannel parameters (height,
wall width and spacing)
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As a reference case, we first study the parametric set where #pore = 50 nm, porosity = 0.27, fmem =
200 nm, & = sp = 2 pm, and w = 400 nm. We set the vapor temperature in the far field at 323.15 K
and set the heat flux as 1 kW/cm? based on our application of cooling electronics [38]. Since we
would like to keep the meniscus pinned at the top and relatively flat to have less fluctuation with
regard to the pressure under the membrane, the pressure drop inside the pore can be calculated
using the Hagen-Poiseuille equation and the pore-level transport can be equivalently modeled as
an evaporating flat interface. This allows us to study pentane as the working fluid which has the
best heat transfer performance. It is 'important to note that for a much extended meniscus, the
pentane vapor inside the pore is in the transitional regime which is between the continuum regime
and the free molecular regime and very complicated to model. To verify the accuracy of using this
model for the given case study with pentane, we calculate the total pressure drop using Equation
1 to be 0.45 MPa. Since the total capillary budget is ~ 0.72 MPa for a semi-spherical interface, this
indicates that the meniscus will be pinned at the top and almost flat, which is consistent with the
assumption that we have made and hence validates the use of the model with pentane. In terms the
heat transfer, the temperature rise of the substrate with uniform heat flux was modeled using

COMSOL Multiphysics™ finite element analysis.

Temperature (°C)
L B0.374

Figure 15 Temperature profile from COMSOL model of the reference case with the applied heat flux
q=2kW/cm’. Heat is conducted from the substrate, through the ridge, and to the membrane pores where
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liquid evaporates. The heat conduction and convection in the liquid is insignificant compared to conduction
in the ridge.

The solution was found to be independent of the grid size above 379 elements. Due to the
symmetry of the structure, the problem can be reduced to a control volume which contains the
ridge, ridge channel and membrane as shown in Figure 14. From the thermal model, the heat
convection and conduction in the liquid is insignificant compared to conduction in the ridge.
Therefore, any cross section has the same temperature profile and it can be assumed that the front
and back faces are adiabatic. The left and right faces are adiabatic to represent mirrored conditions
while the front and back faces are adiabatic to represent repeating boundary conditions. The liquid
interface in the pores is assumed to be flat in the thermal model and evaporation from the pore
surfaces is approximated by the pore-level transport part. Thermal conductivity values of Si were
assumed equal to bulk values (k=130W/m-K) except in the ridge and membrane where values of
k=63 W/m-K and k=60 W/m-K were applied, respectively, to reflect non-continuum heat transfer
in microstructures. An example temperature contour plot of the model domain is plotted in Figure
15, where there are significant temperature gradients both vertically in the microchannel walls,
laterally in the membrane and within the liquid in the membrane pores indicating that all of these
geometries are important in determining the overall thermal resistance of the evaporator.
Additionally, there is a significant temperature change associated with phase change (13.78 K).
The liquid evaporates from the pores into a pure vapor environment; therefore, there is assumed
to be no temperature change associated with convection of vapor. After evaporating from the pore
surface, the vapor flows as a pure substance to an external condenser maintained at a desired

temperature. The thermal resistance of the condenser is not considered here.

5.2 PARAMETRIC SWEEP

To better understand the influence of the membrane and ridge geometries on temperature drop, we
conducted a parametric sweep of the membrane thickness (#mem), membrane porosity (@), ridge
thickness (w), and ridge channel width (sp) and then studied their influence on the total temperature
and pressure drop. The ridge channel width is coupled to the height (h=sp) and the heat flux is
fixed at 1 kW/cm?. The results are shown in Figure 16 and Figure 17 with the temperature

difference plotted on the left axis and pressure drop plotted on the right axis.
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Figure 16 Temperature drop and pressure drop as functions of membrane thickness and porosity. The
ridge height and spacing are 2 pm while the microchannel width is 0.4 um.
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Figure 17 Temperature and pressure drop as a function of ridge channel width and ridge thickness.
The membrane porosity is fixed at porosity = 0.272 while the membrane thickness is fixed at 200 nm.

The trends in Figure 16 indicate that a more porous membrane is always desirable to minimize

both temperature and pressure drop in the device. Additionally, a thin membrane is better for
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pressure drop and has only a small influence on temperature. In Figure 17, there is an optimum
value for the ridge channel width with respect to temperature drop while the pressure drop
increases dramatically when the ridge channel is reduced below 2 pm. Although these plots are
helpful in revealing trends for various device geometries, a more useful plot for identifying a global
optimum set of values is shown in Figure 18 where the total temperature drop is plotted with the
excess pressure drop, i.e. the difference in capillary pressure and viscous pressure drop. The only
relevant solutions in the plot for a passively pumped evaporation device are in the upper left
quadrant where the temperature drop is less than 30 K and the excess pressure drop is positive.
Among these solutions, we choose one set of geometries with the highest excess pressure and

lowest total temperature drop:
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Figure 18 Summary of temperature (AT) and excess pressure drop (AP — APy;) for all ridge and
membrane geometries. Only solutions with a positive excess pressure and temperature drop less than 30 K
(highlighted quadrant) are feasible.

The model results for temperature rise using the optimized values and variable membrane porosity
for three different values of heat flux are plotted in Figure 19. As the porosity increases, more
surface area is available for evaporation, therefore the interfacial resistance decreases. The
waviness in the data is a result of discretization of the number of pores that fit into the domain of
the model. The current design of membrane and ridge geometries is predicted to dissipate 5

kW/cm? with only a 28.4 K rise in temperature from substrate to the ambient at a porosity ¢=0.5.
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Although thermal resistance continues to decrease with increasing porosity, the improvement
diminishes at higher porosity because of the reduced thermal conductivity of the porous membrane
and fixed thermal resistance of the ridge structure. Additionally, limits in fabrication will

eventually be reached as the mechanical integrity of the membrane deteriorates with an increase

in porosity.
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Figure 19 Temperature rise in substrate vs. porosity for hotspot heat flux of 5 kW/cm2 (gray curve),

intermediate heat flux of 2_kW/cm2 (orange curve) and background heat flux of 1_kW/cm2 (blue curve).
If a membrane porosity of $=0.5 is used over the hot spot and ¢ =0.1 over the background, the heated
regions experience a temperature rise of less than 30 K from ambient vapor while the difference between
them is less than 10 K (highlighted area).

For electronic cooling applications, the dependence of temperature drop on can be used to manage
the temperature at hot spots independently from background heating zones. An example is shown
in Figure 19 in which a low porosity (¢ =0.1) membrane is applied to the background
(g=1 kW/cm?) while a high porosity (¢ =0.5) membrane is applied to the hot spot (g=5 kW/cm?).
In this way, the temperature rise in the hot spot and background are kept below 30 K while the
lateral temperature difference is less than 10 K, ensuring reliable operation of the semiconductor
junctions. Without a heat spreader, there is no single value of porosity that can meet the criteria

of 10 K maximum lateral temperature change. Only with an embedded thermal management
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approach that can be customized to cool hot spots independently from background regions can the
traditional thermal stack of heat spreaders and thermal interface materials be eliminated, thereby

significantly improving thermal dissipation in advanced electronic devices.

5.3 SUMMARY

A membrane based heat dissipation device was designed considering the pressure drop associated
with its microfluidic supply channels and thermal resistance of the membrane and support
structure. A finite element conduction and evaporation model was developed to estimate the results
temperature drop across the device while an analytic model was used to estimate the pressure drop.
A parametric sweep of critical geometries in the membrane and ridge demonstrate the sensitivity
of performance to each metric. The analysis demonstrates an upper bound for high heat fluxes that
can be dissipated by a silicon device with supported membrane and with a substrate-to-ambient

temperature difference of less than 30 K.

41



6. CONCLUSIONS AND ONGOING WORK

In this thesis, we investigated a membrane-based cooling device where a thin nanoporous
membrane is supported by microchannels which targets high heat dissipation (~ 1 kW/cm?) with
relatively low temperature rise (30 K). The overall model framework was proposed in, which
described the two steps towards modeling the heat transfer and pressure drop in this multi-scale
problem. Through revisiting the more general evaporation problem: one dimensional steady state
evaporation from half-space liquid into half-space vapor across a flat liquid-vapor interface, the
inconsistencies in the previous commonly used approach which does not allow momentum and
energy balance have been pointed out. The moment method of solving BTE has been adapted to
relax the over-constraints of previous derivations, which shows very good agreement with
numerical studies. The interfacial heat flux has been plotted as a function of temperature. Energy
density in the vapor phase (the product of latent heat and vapor density) has been proposed as the
most important parameter of a working fluid in terms of heat transfer performance instead of latent
heat. Based on this more consistent evaporation analysis, a more consistent model has been
developed for the heat and mass transfer near a meniscus inside a nanopore. A more accurate
description for vapor transport has been adapted to calculate the interfacial flux and recondensation
inside the pore has been considered. The laminar flow, heat transfer and vapor transport problem
were all solved in terms of the local temperature and the liquid supply pressure. The interfacial
heat flux constantly increases with the local pore wall temperature and is also highly dependent on
the pressure at the pore entrance when it is relatively low. The current pore-level model relates the
nano-scale transport to macro parameters and cam serve as a non-linear boundary condition of the
device model. With the pore-level transport as a boundary condition, an embedded thermal
management device with a supported nanoporous membrane was designed for high heat flux
evaporation. The pore and ridge channels were designed such that fluid is drawn to the membrane
by capillary forces rather than using external pumping power. A finite element model was
developed to estimate the device performance and optimize the device geometries for low thermal
resistance. The model demonstrated that heat fluxes up to 5 kW/cm? from hot spots and 1 kW/cm?
from the background can be dissipated without a heat spreader while keeping each component at

a safe working temperature of less than 30 K above ambient.
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In the future, we plan to fabricate the designed structure using silicon MEMS fabrication for
experimental validation. The most critical parameter that we need more understanding in terms of
heat transfer is the accommodation coefficient: which actually has two part: the evaporation
coefficient and the condensation coefficient. The two are equal in the equilibrium case, but in the
evaporation case, the system is of high non-equilibrium. Hence, the assumption made in this this
thesis that the evaporation and condensation coefficient can expressed by one accommodation
coefficient does not necessarily hold. (It serves well for the purpose of sensitivity analysis.)
Besides, the temperature dependence and the molecular velocity dependence of the evaporation
and condensation coefficient also remains mysterious. We already show that the interfacial
transport is highly sensitive to this parameter. Therefore, more theoretical studies and experimental
characterization need to be put into the fundamental understanding of the evaporation and

condensation coefficient.
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APPENDIX

PORE-LEVEL INTERFACIAL TRANSPORT MATLAB CODE

fomm——— e — e — This function calculate the flux from the pore----------
function evaporation_from pore(Tw,sigmae, Pen)

$Accommodation coefficient
sigmac = sigmae;

$Vapor condition
Tv=300; $Ambient vapor temperature
Tw = Tw+Tv;

$Geometries
r_pore=50e-9; 3%pore radius
t_mem =200e-9; %pore length

$Physical constant

R=8.3144621; %universal gas constant
k_B=1.3806488e-23; %Boltzman constant

h = 6.626068e-34;%Plank constant
epsilon_0=8.854187817e-12;%vacuum permittivity
el=1.60217657e-19;%elementary charge

$Material constant

M=18.01528e-3; %molar mass of water

epsilon 1 = 11.68; %relative permittivity of silicon

epsilon 2 = 1.000969;% relative permittivity of saturated water vapor at
323.15K

epsilon_3 = (Tw-323.15).%(62.2962-69.9350)./25+69.9350;%relative selectivity
of liquid water at Tw

n_1 = 3.49713; %refractive index of the crystalline silicon
n_2 = 1.000261;%refractive index of water vapor
n 3 = 1.33;%refractive index of silicon

nu e = 3.*10.7(15);%Adsorption frequency water

A = (3./4).*k B.*Tw.*(epsilon_ 1-

epsilon 3)./(epsilon l+epsilon 3).* (epsilon 2-

epsilon 3)./(epsilon 2+epsilon 3)... _

+ 3.*h.*nu_e./(8.*2.70.5).*((n_1.72-n_3.72).*(n_2."2-
n_3.72))./((n_1.72+n_3.72).70.5.*(n_2.72+n_3.72).70.5.*((n_1.72+n_3.72).70.5+
(n_2.724n_3.72).70.5)):

% Hamaker's Constant
Z=1; %charge per ion

%Evaluate liquid properties at Tw
Psat_1=Psat(Tw):;%liquid saturation pressure
rho_l=rhol (Tw);%liquid density

47



gamma_l=gamma (Tw);%liquid surface tension
mul=mu 1 (Tw);%Liquid viscosity

%$Solving for the shape 1st step

Pli = -gamma_l/r pore*2;

Peq=Psat(Tw)*exp((Pli—Psat_l)/(rho_l*R*Tw/M));

Pon = Psat (Tv):;

%Calculating the adsorption layer thickness

optionsl = optimset ('TolX',le-15); :

delta=fzero(€(t) Pon-rho_ l*R*Tw/M*log{Pon/Psat_l)-(Pd(t)+gamma_l/(r_pore-

t)),le-9,0optionsl) ;%Adsorption layer thickness

delta = max(delta, le-9);

N = 10000; %Number of meshes

rspan=linspace (le-10,r pore-delta,N);%Meshing

options = odeset ('RelTol',le-4);

[ri,zi]=0de23s(Rodez,rspan, [0 le-12],options);

[zmax, x]=max{(zi(:,1)):

zi(x:N,1l)=zmax;

$Calculating the apparent accommodation coefficient of the interface

f= @(r) sqgrt{{interpl(ri,zi(:,2),r, " 'spline')).”2+1)*2*pi.*r/(pi* (r_pore-

delta)"2);

F=1/integral (f,le~12,r pore-delta);

sigmac_a=1/({l-sigmac)/sigmac*F+1);

sigmae a=1/((l-sigmae)/sigmae*F+1);

[Ponl, Flowrate,~]=evaporationP(Tv/Tw, sigmae_a,sigmac_a);

Ponl = Peg*Ponl;

V1 = Flowrate*sqgrt (R/M*Tw/2/pi)*rhov(Tw)*...
exp((Pli-Psat 1)/ (rho 1*R*Tw/M))/rhol (Tw);

flux = V1*rhol (Tw):;

Plil = Pen - 8*mul*Vl/r pore”2* (t mem-zmax):

%Iterations to make sure the pressure on the interface is well calculated

while abs((Pon-Ponl)/(Pon-Pli))>1le-3 || abs((P1li-P1il)/(Pon-Pli))>1le-3
Pon = Ponl;
Pli = Plil;
delta=fzero(@(t) Pon-rho 1*R*Tw/M*log(Pon/Psat 1)~

(Pd(t)+gamma 1/ (r pore-t)),le-9,optionsl);%Adsorption layer thickness
delta = max(delta, le-9);
rspan=linspace(le-10,r pore-delta,N);%Meshing
[ri, zi]=o0de23s(Rodez, rspan, [0 le-12],options);
[zmax, x]=max(zi(:,1));
zi(x:N,1l)=zmax;
f= @(r)
sqrt ({interpl{ri,zi(:,2),r, " "spline'))."241)*2*pi.*r/(pi* (r_pore-delta)"2);
F=1/integral (f,0,r pore-delta);
sigmac_a=1/({l-sigmac)/sigmac*F+1);
sigmae a=1/((l-sigmae)/sigmae*F+1);
(Ponl, Flowrate,~]=evaporationP(Tv/Tw,sigmae a,sigmac.a);
Ponl = Peg*Ponl;
V1 = Flowrate*sqrt(R/M*Tw/2/pi)*rhov(Tw)*...
exp ( (Pli-Psat_1)/(rho_l1*R*Tw/M))/rhol (Tw):

flux = V1i*rhol (Tw):;
Plil = Pen - 8*mul*V1/r pore”2*(t mem-zmax);

end
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flux = flux *hfg(Tw);
plot(ri*le9,zi(:,1)*1le%9-2zi(N,1)*1e9);
$Disjoining pressure
function Pd=Pd(t)
Pd=-
A./6./pi./t."3+epsilon_3.*epsilon 0./2./t."2.*(pi.*k B.*Tw./%./el)."2;
end

$Interface shape ODE
function dz=odez(r,z)
dz=zeros(2,1);
dz (1)=z(2);
dz (2)=-(1+z(2)"2)"~1.5/gamma_l*(Pli-Pon~-A./6./pi./(r_pore-
r)~3+gamma 1*z(2)/(r*sqrt(1+z(2)"2)}));
end

$Look-up tables

%Interpolation of water latent heat
function hfg=hfg(T)

T1=[300:;301,302;303;304;305;306;307;308;309;310;311;312;313;314;315;316;317;3
18;319:320:321:322;323;324;325;326;327;328;329;,330,331;332;333;334;335;336;33
7:338;339;340;341;342;343;344;345;346;347;348;349;350;351;352;353;354;355;356
7357:;358;359;360;361,362;363;364;365;366;367;368;369;370;371;372;373;374;375;
376;377;378;379;380;381,382;383;384;385;386;387;388;389;390;391;392;393;394;3
95:;396;397;398;399;400];

hfgl=[{2437000;2435000;2432000;2430000;2428000;2425000;2423000;2421000;2418000
:2416000;2413000;,2411000;2409000;2406000;2404000;2401000;2399000;2397000;2394
000;2392000;2389000;2387000;2385000;2382000;2380000;2377000;2375000;2373000;2
370000;2368000;2365000;2363000;2360000;2358000;2356000;2353000;2351000;:234800
0;2346000;2343000;,2341000;2338000;2336000;2333000;2331000;2329000;2326000;232
4000;2321000;2319000:2316000;2314000;2311000;2309000;2306000;2303000;2301000;
2298000;2296000;,2293000;2291000;2288000;2286000;2283000;2281000;2278000;22750
00;2273000;2270000;2268000;2265000;2262000;2260000;2257000;2254000;2252000;22
49000;2246000;2244000;2241000;2238000;2236000;2233000;2230000;2228000;2225000
$2222000:;2219000;,2217000;2214000;2211000;2208000;2206000;2203000;2200000;2197
000;2194000;2192000;2189000;2186000;2183000];
hfg=interpl (T1,hfgl,T);
end

3Interpolaton of water surface tension
function gamma=gamma (T)

T1={300;301;302;303;304;305;306;307;308;309;310;311;312;313;314;315;316;317;3
18:319;320,;321;322;323;324;325;326;327;328;329;330;331;332;333;334;335;336;33
7:338;339;340;341;342;343;344;345;346;347;348;349;350;351;352;353;354;355;356
7357;358;359;360,;361;362;363;364;365;366;367,;368;369;370;371;372;373;374:375;
376:377;378;379;380;381;382;383;384;385;386; 387 388:;389;390;391,392;393;3%94;3
95;396;397;398;399;4001;

gammal=[0.0716800000000000;0.0715300000000000;0.0713700000000000;0.0712200000

000000;0.0710600000000000;0.0709000000000000;0.0707400000000000;0.07058000000
00000;0.0704200000000000;0.0702600000000000;0.0701000000000000;0.063940000000
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0000;0.0697800000000000;0.0696200000000000;0.0694600000000000;0.0692900000000
000;0.0691300000000000;0.0689600000000000;0.0688000000000000;0.06863000000000
00;0.0684700000000000;0.0683000000000000;0.0681300000000000;0.067970000000000
0:0.0678000000000000;0.0676300000000000;0.0674600000000000;0.0672900000000000
;0.0671200000000000;0.0669500000000000;0.0667800000000000;0.0666100000000000;
0.0664300000000000;0.0662600000000000;0.0660900000000000;0.0659100000000000;0
.0657400000000000;0.0655700000000000;0.0653900000000000;0.0652100000000000;0.
0650400000000000;0.0648600000000000;0.0646800000000000;0.0645000000000000;0.0
643300000000000;0.0641500000000000;0.0639700000000000;0.0637900000000000;0.06
36100000000000;0.0634300000000000;0.0632400000000000;0.0630600000000000;0.062
8800000000000;0.0627000000000000;0.0625100000000000;0.0623300000000000;0.0621
500000000000;0.0619600000000000;0.0617800000000000;0.0615%00000000000;0.06140
00000000000;0.0612200000000000;0.0610300000000000;0.0608400000000000;0.060650
0000000000;0.0604600000000000;0.0602700000000000;0.0600900000000000;0.0599000
000000000;0.0597000000000000;0.0595100000000000;0.0593200000000000;0.05913000
00000000;0.0589400000000000;0.0587400000000000;0.0585500000000000;0.058360000
0000000;0.0581600000000000;0.0579700000000000;0.0577700000000000;0.0575800000
000000;0.0573800000000000;0.0571900000000000;0.0569900000000000;0.05679000000
00000;0.0565900000000000;0.0563900000000000;0.0562000000000000;0.056000000000
0000;0.0558000000000000;0.0556000000000000;0.0554000000000000;0.0552000000000
000;0.0549900000000000;0.0547900000000000;0.0545900000000000;0.05439000000000
00;0.0541900000000000;0.0539800000000000;0.0537800000000000;0.053570000000000
017
gamma=interpl (T1, gammal, T) ;
end
$Interpolation water sat pressure
function Psat=Psat (T)

T1=[300;301;302;303;304;305;306;307;308;309,;310;311;312;313;314;315;316;317;3
18;319;320;321;322;323;324;325;326;327;328;329;330;331;332,333,;334;335;336;33
7;338;339;340;341;342;343;344;345;346;347;348;349;350;351;352;353;354;355;356
:357:;358;359;360,361;362;363;364;365;366;367;368;369;370;371;372;373;374;375;
376;377;378;379;380,381;382;383;384;385;386;387,;388;389;390;391;392;393;394:3
95;396,;397;398;399;400];

Psatl=[3536;3749;3973;4209;4457,;4718;4991;5279;5580;5897;6228;6576;6941;7323;
7722;8141;8579;9037;9516;10017;10540;11087;11657;12253;12875;13523;14199;1490
4;15639;16404;17201;18031;18895;19794;20729;21702;22713;23763;24855;25989;271
67;28389;29658;30974;32340;33756;35224;36745;38322;39955;41646;43397;45210;47
086;49027;51035;53111;55257;57476;59769;62137,;64584;67110;69719;72411;75190;7
8057;81014;84064;87208;90450;93791;97234;100781,;104434;108196;112070;116058;1
20162;124385;128730;133199;137795;142521;147379;152373;157505;162777;168194;1
73758;179471;185338;191360;197542;203885;210394;217072;223921;230945;238148;2
455331 ;
Psat=interpl (T1, Psatl, T);

end
$Interpolation of water liquid density

function rho=rhol (T)

T1=[300;301;302;303;304;305;306;307;308;309;310;311;312;313;314,;315;316;317;3
18;319;320;321;322;323;324;325;326;327;328;329;330;331;332;333;334;335;336;33
7:338;339;340;341;342;343;344:345;346,;347;348;349;350;351;352;353;354;355;356
;357;358;359;360;361;362;363;364;365;366;367;368;369;370;371;372;373;374:375;
376;377;378;379;380;381;382;383;384,;385,386;387;388;389;390;391,;392;393;394;3
95;396;397;398,;399:;400];

rhol=[996.500000000000; 996.200000000000;996;995.700000000000;995.300000000000
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$995;994.700000000000;994.4000000000007994;993.700000000000;993.300000000000;
993;992.600000000000;992.200000000000;991.800000000000;991.400000000000;991;9
90.600000000000;990.200000000000;989,.800000000000;989.400000000000;988.900000
000000;988.500000000000;988.100000000000;987.600000000000;987.100000000000;98
6.700000000000;986.200000000000;985.700000000000;985.200000000000;984.8000000
00000;984.300000000000;983.800000000000;983.200000000000;982.700000000000;982
.200000000000;981.700000000000;,981.100000000000;980.600000000000;980.10000000
0000;979.500000000000;979;978.400000000000;977.800000000000;977.300000000000;
976.700000000000;976.100000000000;975.500000000000;974.900000000000;974.30000
0000000;973.700000000000;973.100000000000;972.500000000000;971.900000000000;9
71.300000000000;970.600000000000;970;969.400000000000;968.700000000000;968.10
0000000000:967.400000000000;966.800000000000;966.100000000000;965.40000000000
0:964.800000000000;964.100000000000;963.400000000000;962.700000000000;962;961
.300000000000;960.600000000000;959,900000000000;959.200000000000;958.50000000
0000;957.800000000000;957.100000000000; 956.300000000000;955.600000000000;954.
900000000000;954.100000000000;953.400000000000;952.600000000000;951.900000000
000;951.100000000000;950.300000000000;949.600000000000;948.800000000000;948;9
47.200000000000;946.500000000000;945.700000000000;944.900000000000;944.100000
000000;943.300000000000;942.500000000000;941.700000000000;940.800000000000; 94
0;939.200000000000;938.400000000000;937.500000000000] ;
rho=interpl(T1,rhol,T);
end
$Interpolation of water vapor density
function rho=rhov(T)

T1=[300;301;302;303;304;305;306;307;308;309;310;311:312,313;314;315;316;317;:3
18;319;320;321;322;323;324;325;326;327;328;329;330;331;332:;333;334;335;336;33
7:;338;339:;340;341;342;343;344;345;346;347;348;349;350;351;352;353;354;355;356
$357;358;359:;360;361;362;363;364;365;366;367;368;369;370;371;372;373;374;375;
376:;377;378;379;380,;381;382;383;384;385;386;387:388;389;390;391;392;393;394;3
95;396;397,;398,;399;400];

rhol=[0.0255800000000000;0.0270300000000000;0.0285600000000000;0.030150000000
0000;0.0318300000000000;0.0335800000000000;0.0354100000000000;0.0373300000000
000;0.0393400000000000;0.0414400000000000;0.0436400000000000;0.04593000000000
00;0.0483200000000000;0.0508200000000000;0.0534300000000000;0.056160000000000
0:0.05%0000000000000;0.0619600000000000;0.0650400000000000;0.0682600000000000
70.0716100000000000;0.0750900000000000;0.0787200000000000;0.0825000000000000;
0.0864300000000000;0.0905100000000000;0.0947600000000000;0.09$1800000000000;0
.103800000000000;0.108500000000000;0.113500000000000;0.118600000000000;0.1239
00000000000;0.129500000000000;0.135200000000000;0.141100000000000;0.147300000
000000;0.153700000000000;0.160300000000000;0.167100000000000;0.17420000000000
0;0.181600000000000;0.189200000000000;0.197000000000000;0.205200000000000;0.2
13600000000000;0.222300000000000;0.231200000000000;0.240500000000000;0.250100
000000000;0.260000000000000;0.270200000000000;0.280800000000000;0.29170000000
0000:;0.302900000000000;0.314500000000000;0.326500000000000;0.338800000000000;
0.351500000000000;0.364700000000000;0.378200000000000;0.392100000000000;0.406
400000000000;0.421200000000000;0,436400000000000;0.452000000000000;0.46810000
0000000;0.484700000000000;0.501700000000000;0.513300000000000;0.5373000000000
00;0.555900000000000;0.574900000000000;0.594500000000000;0.614700000000000;0.
635300000000000;0.656600000000000;0.678400000000000;0.700800000000000;0.72380
0000000000;0.747500000000000;0.771700000000000;0.796600000000000;0.8221000000
00000;0.848300000000000;0.875200000000000;0.902700000000000;0.931000000000000
:0.959900000000000;0.989600000000000;1.02000000000000;1.05100000000000;1.0830
0000000000;1.11600000000000;1.14900000000000;1.18400000000000;1.2190000000000
0;1.25500000000000;1.29200000000000;1.32900000000000;1.368000000000007;
rho=interpl(T1l,rhol,T);
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end

$Interpolation of water liquid viscosity
function mu=mu 1(T)

T1=[300;301;302;303;304;305;306;307;308;309;310;311;312;313;314;315;316;317;3

18;319;320;321;322;323;324;325;326;327;328;329;330;331;332;333,334;335;336;33

7:338;339;340;341;342;343;344;345;346;347;348;349;350;351;352;353;354;355;356

$357;358;359;360;361;362;363;364;365;366;367;368;369;370;371;372;373;374;375;

376:;377:378;379;380;381,382;383;384;385;386,387,;388;389:;390;391;392;393;394;3
195;396;397;398;399;400];

mul=[0.000854300000000000;0.000835600000000000;0.000817600000000000;0.0008003
00000000000;0.000783500000000000;0.000767300000000000;0.000751600000000000;0.
000736500000000000;0.000721800000000000;0.000707600000000000;0.00069390000000
0000;0.000680500000000000;0.000667600000000000;0.000655100000000000;0.0006430
00000000000;0.000631200000000000;0.000619800000000000;0.0006087000000000006;0.
000597900000000000;0.000587400000000000;0.000577300000000000;0.00056740000000
0000;0.000557800000000000;0.000548400000000000;0.000539300000000000;0.0005305
00000000000;0.000521900000000000;0.000513500000000000;0.000505400000000000:0.
000497400000000000;0.000489700000000000;0.000482100000000000;0.00047480000000
0000;0.000467600000000000;0.000460600000000000;0.000453800000000000;0.0004472
00000000000;0.000440700000000000;0.000434300000000000;0.000428200000000000;0.
000422100000000000;0.000416200000000000;0.000410500000000000;0.00040490000000
0000;0.000399400000000000;0.000394000000000000;0.000388800000000000;0.0003836
00000000000;0.000378600000000000;0.000373700000000000;:0.000368900000000000;0.
000364200000000000;0.000359600000000000;0.000355100000000000;0.000635070000000
0000;0.000346400000000000;0.000342200000000000;0.000338100000000000;0.0003341
00000000000;0.000330100000000000;0.000326200000000000:;0.000322400000000000;0.
000318700000000000;0.000315100000000000;0.000311500000000000;0.00030800000000
0000;0.000304600000000000;0.000301200000000000;0.000297900000000000;0.0002946
00000000000;0.000291500000000000;0.000288400000000000;0.000285300000000000;0.
000282300000000000;0.000279400000000000;0.000276500000000000;0.00027360000000
0000;0.000270800000000000;0.000268100000000000;0.000265400000000000;0.0002628
00000000000;0.000260200000000000;0.000257700000000000;0.000255200000000000;0.
000252700000000000;0.000250300000000000;0.000247900000000000;0.00024560000000
0000;0.000243300000000000;0.000241100000000000;0.0002383900000000000;0.0002367
00000000000;0.000234600000000000;0.000232500000000000;0.000230400000000000;0.
000228400000000000;0.000226400000000000;0.000224400000000000;0.00022250000000
0000;0.000220600000000000;0.0002187000000000001;
mu=interpl(Tl,mul,T);
end

%1979 Analysis of intensive evaporation and condensation
function [Pressure, Flowrate,Mach] =evaporationP(T non,al,a2)%1979
Analysis of intensive evaporation and condensation
function F = interphase (x)
F=[al-a2*x (1) * (sqrt (T _non)*x(4)-x(3)/2*x(5))-x(2)*x(3);
al/2+a2*x(1)* ((T_non/2+(x(3)"2)/4/pi)) *x(5)-
x(3) *sqrt (T _non)/2/pi*x(4)-x(2)*T_non-x(2)*x(3)"2/2/pi;
al/2-a2/2*x(1)* ((T_non"1l.5+sqrt (T _non)*x(3)"2/8/pi)*x(4)-
(5/8*T_non*x(3)+x(3)A3/16/pi)*x(5))-x(2)*x(3)*(5/8*T_non+x(3)“2/16/pi);
x(4)-exp(-%(3)72/4/pi/T non):
x(5)-erfc(x(3)/2/sqrt (pi*T_non))]:
end .
x0=[T non;T_non;0;1;1];
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options2 = optimoptions('fsolve', 'MaxFunEvals',leé6,

10, 'MaxIter',le6); % Option to display output

end

end

x2 = fsolve(@interphase,x0,options2);% Call solve
nemit = x2(1)*x2(5)/2*(2-a2)+1/2*al;

us = X2(2)*x2(3)/nemit;

Pressure = x2(2)*T_non+x2(2)*2*x2(3)"2-us"2*nemit;
Flowrate=x2(2)*x2(3):

Mach = x2(3)/sqrt(T_non)/sqrt(2*pi);
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