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ARTICLE INFO ABSTRACT

Keywords: A novel strategy was proposed for the improvement of vapor chamber heat pipe (HP) performance. The mastoid
Heat pipe process array, wettability control of heat pipe and control of liquid charged into heat pipe are comprehensively
Wettability used to manage the phase distribution. Thus, the two dominant heat transfer mechanisms of nucleation and

Nano-surface
Phase distribution
Heat transfer mechanism

convection can be switched. The objective of this strategy is to maintain nucleation mechanism but suppress
convection mechanism. Holding the nucleation mechanism, our newly developed heat pipe behaves excellent
thermal sensitivity with respect to heating loads. Our idea was thoroughly verified by experiments, in which
three HP samples were fabricated and tested: #1 equal wettability sample, #2 moderate wettability difference
sample and #3 opposite wettability sample. The wettability difference was generated with nano-structured
surface. The #1 sample shows convection mechanism with heat transfer coefficients (HTCs) not changed versus
heat fluxes, due to evaporator porous wick occupied by larger vapor content and liquid filmwise condensation on
condenser surface. The super-hydrophilic evaporator and super-hydrophobic condenser (#3 sample) shows
nucleation mechanism with HTCs significantly increased with increases in heat fluxes, due to large driving force
to flood evaporator porous wick by water and expose condenser by vapor. Surprisingly, opposite wettability
match HP had overall thermal resistances of only 1/3 to those of equal wettability HP. The comprehensive use
of mastoid process array and controls of wettability and water amount charged into HP lowers heater
temperatures by 30—40 °C at high heat fluxes such as ~100 W/cm? on a large heater area of 1.4 cm?, paving a
new road for heat pipe performance improvement.

or wicking materials, were developed [5]. Since then, with the
increased availability of micro/nano fabrication technologies, and
new materials, there has been an increased focus on boiling and

1. Introduction

Heat pipe dissipates heat from a high heat flux chip for electronic

cooling. Inefficient phase change heat transfer increases the heater
surface temperature and shortens the device lifetime [1]. At ultra-high
heat flux, dry-out may occur to burnout the device [2]. Heat pipe
involves both boiling and condensing, which have been extensively
investigated. In 1950—1980s, due to the demand to develop high power
density nuclear power plant, phase change heat transfer was studied on
metal surface and in large size channels, under pool, passive or forced
convective conditions [3]. The theory framework was established,
including bubble or droplet nucleation, dynamics, flow pattern, heat
transfer coefficient (HTC), flow instability and critical heat flux (CHF).
Abundant data were collected to support the theory development [4].
Before 2000, enhanced heat transfer techniques including features in
millimeter or sub-millimeter scale, such as fins, grooves and textures,
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condensing in micron/nano scale, including modified surface wett-
ability [6—8]. Phase change heat transfer with micro/nano structures is
a hot research topic [9,10].

Heat pipe combines boiling and condensing heat transfer together.
It has been widely used in industries due to its simple geometry and
passive characteristic. For modern electronic cooling, heat pipe shall
dissipate ~100 W heating load on a square centimeter area [11], or
heat flux attaining ~500 W/cm? for hotspot (for instance, one square
millimeter area) [12]. The chip temperature should be lower than 85 °C
and CHF shall not occur [13]. A flat plate heat pipe is expected to
satisfy the challenging requirements.

Different from separated effects of boiling and condensing, heat
pipe couples the two processes. Boiling or condensing results for
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separated effects are difficult to be directly used for heat pipes. These
results are performed in a controlled way. Pool boiling happens under
the condition that the heater is immersed by liquid. Condensation is
also widely investigated in a controlled manner at given pressure and
vapor velocity. However, for a heat pipe, the phase distribution and
parameters such as vapor pressure and temperature are not only
dependent on evaporator, but also dependent on condenser. The term
of phase distribution refers to the vapor and liquid distribution in a
void space not occupied by solid material. For two-phase flow and heat
transfer, a specific point in a void space is either occupied by vapor or
by liquid. The information of phase distribution tells us where is liquid
and where is vapor. First, the evaporator and condenser coupling
influences the vapor pressure and temperature in heat pipes. At given
vapor temperature, the heater temperature can be determined for
specific heating load. A poor condenser performance weakens the vapor
condensation to raise the vapor temperature. This in turn, increases the
vapor temperature to lift the heater surface temperature, which is not
expected for heat pipe. Second, the evaporator and condenser coupling
influences the phase distribution in the void space (not occupied by
solid material). If one uses hydrophobic evaporator and hydrophilic
condenser, the liquid circulation becomes difficult and the heater is
easy to be dried out, while the (liquid) film condensation deteriorates
condenser performance. Thus, phase distribution is a key factor to
influence the phase change heat transfer in heat pipes, but it has not
been received much attention in the past.

The effect of wettabilities on heat pipe performance is reported in
refs. [14—17]. The original contribution of this paper is summarized as
follows. Switchable heat transfer mechanisms: The fresh idea was
proposed for the improvement of heat pipe performance. Here, we
comprehensively use the mastoid process array, wettability control of
heat pipe and control of liquid charged into heat pipe, to manage the
phase distribution, so that the two dominant heat transfer mechanisms
can be switched. The objective of this strategy is to maintain nucleation
mechanism but suppress convection mechanism. Holding the nuclea-
tion mechanism, our newly developed heat pipe behaves excellent
thermal sensitivity with respect to heating loads. Heat transfer
coefficients for both evaporator and condenser are significantly in-
creased at high heating loads. The idea was thoroughly verified by our
experiments. The use of hydrophilicity/hydrophobicity combination
only is not sufficient to switch the two heat transfer mechanisms. The
switchable heat transfer mechanisms of heat pipes are not reported
previously. Heat pipe configuration: We used the biporous wick
evaporator coupled with condenser surface. The mastoid process
contains several lengths scale to coordinate various conflicts between
capillary pressure and viscous resistance. Ji et al. [14] and Zhang et al.
[15] dealt with oscillation heat pipe with snake-shaped capillary tube as
the structure. Boreyko and Chen [16] investigated flat plate heat pipe
having two parallel plates integrated together. Our heat pipe config-
uration is different from these references. Liquid circulation in heat
pipes: Liquid circulation in heat pipe is a key factor to influence its
performance. In our study, liquid return from condenser to evaporator
involves not only the droplets coalescence induced jumping/capture
process, but also the liquid suction process from tips of mastoid
processes towards evaporator wick. Oscillation heat pipe works due
to the pulsating flow induced fluid transport [14,15]. Liquid is
transferred to evaporator by the droplet jumping in Boreyko and
Chen [16].

We start from using the mastoid process array on a porous sub-
layer as the basic evaporator structure. The porous sub-layer is directly
sintered on copper surface. The mastoid process is a biporous
structure, enhancing boiling heat transfer with separated length scales.
Small pores (~1 pm scale, depending on particle size) between metallic
particles generate capillary pressure for liquid suction. The sintering
process generates large pore channels, having their width of 10—
100 pm and even longer length. Size and number density of pore
channels depend on pore former content. Pore channels can be
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generated even without pore former involved. They are helpful to
reduce the viscous resistance for fluid transport. The available pool
boiling experiments using mastoid process array showed significant
enhancement of HTC and CHF [18]. However, if the mastoid process
array is used in heat pipes, the capillary pressure should be signifi-
cantly increased because liquid supply towards evaporator is more
difficult than pool boiling condition. Xiao et al. [19] noted that for
water, the capillary pressure is around ~10 kPa for micron sized pores,
but it can be increased to ~100 kPa for nanopores such as ~100 nm,
inspiring us to perform the nano-surface modification.

In this paper, comparative experiments were conducted using three
heat pipe samples (Table 1) (#1 equal wettability sample, #2 moderate
wettability difference sample, and #3 opposite wettability sample). Our
results did show that two heat transfer mechanisms (nulceation and
convection) can be switched by different matches of wettability of
evaporator and condenser, due to the different phase distributions. The
#1 sample shows the convection mechanism. On the contrary, the #3
sample shows the nucleation mechanism to behave the best perfor-
mance. At g,=100.3 W/cm? on a 1.4 cm? heater surface, the heater
temperature is only 65.9 °C for #3 sample, which is 37.3 °C lower than
that for #1 sample at the same heat flux. Surprisingly, the overall
thermal resistance for #3 sample is only 1/3 of that for #1 sample,
highlighting the great benefit by using super-hydrophilic evaporator
and super-hydrophobic condenser to manage the water distribution
and suppress the convection effect in heat pipes. The proposed strategy
opens a new way to improve the heat pipe performance.

Table 1
The three heat pipe samples.

Evaporator Condenser Remark Abbreviation
#1  Particle Plain surface Hydrophilic evaporator  IE-IC
sintering without nano + hydrophilic
without nano condenser
#2  Particle Plain surface Super-hydrophilic SIE-IC
sintering with without nano evaporator +
nanosheet hydrophilic condenser
#3  Particle Copper surface  Super-hydrophilic SIE-SOC
sintering with with nanograss  evaporator + super-
nanosheet hydrophobic condenser

2. Materials and method
2.1. The strategy for wettability match and water charging amount

Phase distribution and heat transfer can be controlled not only by
wettability, but also by charged liquid amount in HP (see Fig. 1). Here,
three HP samples are identical in all aspects including the charged
water mass, except different wettability matches. The #1 sample had a
basic structure without nano-surface modification. Because the same
material (copper) is used for both evaporator and condenser, the #1
sample contains hydrophilic evaporator and hydrophilic condenser
(called equal wettability sample: IE-IC). The static contact angle is
about 77° on a cleaned/polished copper surface, noting that the porous
wick using particle sintering without nano-surface has larger capability
to suck water than smooth plate surface. The #2 sample contains
super-hydrophilic evaporator and hydrophilic condenser (called mod-
erate wettability difference sample: SIE-IC). Inside the evaporator
porous wick is with nano-surface modification, but the condenser is
without nano-fabrication. The #3 sample had super-hydrophilic eva-
porator and super-hydrophobic condenser (called opposite wettability
sample: SIE-SOC).

The mastoid process array forms the evaporator. Each tip of the
mastoid process directly contacts the plain condenser surface. The
mastoid process functions as (1) heat transfer enhancement, (2) liquid
suction from condenser to evaporator, (3) supporting structure for heat
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Fig. 1. Effect of wettability match of evaporator and condenser on phase distribution in heat pipe (a: #1 equal wettability sample, pore channels are occupied by vapor and condenser
surface is covered by water film; b: #2, moderate wettability sample; c: #3, the porous wick is thoroughly flooded by water, the condenser surface is exposed by vapor except some

droplets there. Note that the same amount of water is charged in three heat pipes.).

pipe. The mastoid process had several length scales of pore cavities. For
mastoid process without nano-structure, two major length scales exist:
small pores in ~1 um between particles, acting as capillary pressure
generation and nucleation sites. Larger pore cavities (or say pore
channels) between parallel particle clusters are in ~10-100 um scale to
reduce viscous resistance for phase transportation. For mastoid process
with nano-structure, additional nano-scale is introduced to signifi-
cantly lift capillary pressure for liquid collection from condenser to
evaporator wick. The hydrophobic condenser wall had the roughness of
~10-100 nm scale. The classical bubble nucleation criterion for boiling
[20,21] and droplet nucleation criterion for condensing [22,23] showed
that the micro/nano structures for our present heat pipe samples
satisfy such criteria (see Section 3.3 for details).

Fig. 1c shows an ideal combination of super-hydrophilic evaporator
and super-hydrophobic condenser for #3 sample. At the adiabatic
condition, all the water stays in the evaporator porous wick and other
locations are occupied by vapor. The nucleation mechanism is main-
tained to ensure increased HTCs at higher heat fluxes. If the same
amount of water is charged into #1 HP sample (see Fig. 1a), some pore
channels of mastoid process array are occupied by vapor, forming
vapor-liquid interface on which convection evaporation happens. The
convection mechanism also dominates on the condenser surface due to
water film there. The convection mechanism makes HTCs not sensitive
to applied heat fluxes. Fig. 1b shows the moderate wettability difference
of evaporator and condenser, in between those shown in Fig. 1a and c.
We shall note that, heating causes some vapor voids in the evaporator
mastoid processes to expel identical volume of water out of the mastoid
processes. This yields extra water re-distributed outside of the mastoid
processes, which will be explained later.

Now, we discuss how to determine the optimal charge ratio, at
which all the evaporator porous wicks are occupied by liquid but other
locations except mastoid processes are occupied by vapor. Such
situation is similar to the pool boiling for the heater sufficiently
immersed in water. Theoretically, the condenser surface should be

covered by pure vapor without liquid. Based on this analysis, we
determined the optimal charge ratio in two steps (deionized water was
the working fluid). Initially, in the atmospheric environment, we used
the needle ejection to drip fine water drops on the dry evaporator wick
gradually, noting the evaporator not covered by condenser cover. The
dripping quantity was carefully recorded, and dripping process was
stopped when tiny water drop began to fall down for the vertically
positioned evaporator. Thus, the porous wick is sufficiently wet and all
the non-condensable gas was expelled out of the porous wick.

The next step verifies the initially determined charge ratio. The
charge process was performed for a dry HP under a vacuum pressure of
~0.06 Pa by a molecular pump. After each charge, the HP performance
was checked by recording the heater temperature at different heat
fluxes. The optimal charge ratio was reached at which the heater
yielded the lowest temperature among several charge ratios, approach-
ing the initially determined value. This is because the integrated HP
needs additional water to be attached on the HP side walls.

Fig. 2 shows the effect of water charge ratios (¢) on evaporator wall
temperatures at the center point (T¢ ). The results are given at two heat
fluxes of 71.4 W/em? and 28.3 W/em? The curves display quasi-
parabola shape. Both #1 and #3 samples had the lowest evaporator
wall temperatures at the water charge ratio of about 30%, which is
larger than the dripping test determined value by about 15%. Deviating
from the optimal charge ratio increased evaporator wall temperatures.
The finally determined water volume of 3.6 ml was charged into the
whole heat pipe sample. The following discussions are based on heat
pipes operating at the optimal charge ratio.

2.2. The three heat pipe samples

Mastoid process array widely appears in nature plant. Fig. 3a-c
shows super-hydrophilic anubias barteri, Calathea zebrina and ruellia
microstructure surfaces. They have large capability to absorb water.
For instance, a 0.5 pl water droplet finishes the spreading process in a
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Fig. 4. Integrated flat plate heat pipe dimensions (a) and raw tree-branch shape copper

particles before sintering for HP.

Fig. 3. Mastoid process array in nature (a: anubias barteri, b: Calathea zebrina, c: Ruellia devosiana) and newly fabricated evaportor with mastoid process array structure (d).
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short time of 0.2 s on ruellia surface [24]. These surfaces can also be
self-cleaned. When they contact a mixture of water and contamination
particles, water is preferred to be attracted by the surface to form a
water film, separating the surface from the dust particles [25]. The
particles will be flushed away with the development of the spreading
water film. Fig. 3d shows the evaporator containing the mastoid
process array, whose shape is similar to those shown in Fig. 3a—c.
However, microstructures not only exist on the surface, but also inside
the mastoid process, that is different from those shown in Fig. 3a—c.

Fig. 4a shows the dimensions of the three HP samples. HP had an
overall diameter of 100.0 mm and a thickness of 3.4 mm. The
evaporator wall receives a heating load Q and the heat is dissipated
to environment on the condenser wall. The evaporator contains a sub-
porous layer with a thickness of 0.3 mm and mastoid process array.
Each mastoid process had a base diameter of 1.5 mm and a height of
1.5 mm. The center distance between two neighboring mastoid pro-
cesses is 3.0 mm. There are 710 mastoid processes over a 100 mm
diameter surface.

There are two types of particles for industry applications: spheric
powder and tree-branch powder. They are fabricated by different
methods. We used the tree-branch particles, also called the electrolytic
copper powder (see Fig. 4b before sintering). There are two sizes
characterizing the particles: particle cell size and tree-branch size,
which are about ~1 um and 75 um, respectively. Different particle cells
are connected mechanically with each other to form the tree-branch.
The connection is caused by the copper atom crystallization and
coalescence of particle cells during the electrolyzation process. Tree-
branch powders have two benefits for HPs: the gap between particle
cells is in micron or sub-micron scale to generate larger capillary
pressure; mechanical connection reduces thermal conductivity resis-
tance. For randomly stacked tree-branch particles, larger gaps are
formed between neighboring tree-branches (or call clusters).

The sintering process was performed with the help of a graphite
mould in an oven under vacuum pressure. The sintering temperature
and procedure were carefully controlled. Fig. 5a-d shows the sintering
outcomes of the tree-branch powders without nano-structure for #1
HP evaporator. Two levels of sizes exist: ~1 pym small pore, and ~10-
100 um pore cavities. The structure is similar to cavern in shape. The
#2-3 HP evaporators are with nano-structured surface (see Fig. 5e—f).
After the sintering process, the nano-surface was made by immersing
the sample in a 30% volume concentration H,O, solution (hydrogen
peroxide) by 8 h. After the samples are taken out of the oven, they are
rinsed by deionized water and then baked in an oven at 60 °C
temperature.

The nano-surface modification of the evaporator porous wick
involved two steps. We suspended the evaporator with the internal
mastoid processes array immersed in a liquid solution. The outer wall
surface was in the air to keep such surface dry. The liquid was HNO3
solution at a weight concentration of 15%. The immersion process
lasted 15 min to remove oxidation film from the particle surface. Then,
the sample was rinsed by de-ionized water and baked in an oven for
10 min at 60 °C. The second step was to immerse the mastoid
processes array in a H>O, solution with a 30% weight concentration
by eight hours. The fabrication process was over after the rinsing by
water and drying in the oven. Changing the weight concentrations of
liquid solution and immersion time altered the nano-structure para-
meters such as nano-wire height, diameter and gap size between
neighboring nano-wires.

Now we discuss the condenser surface. Fig. 6a-b shows the
hydrophilic surface with CA=77° (#1-2 HP condenser), and the
super-hydrophobic surface with CA=160° (#3 HP condenser), respec-
tively. The nano-structure fabrication included two steps. The first step
immersed the cleaned/polished copper surface in a 0.03 mol/l con-
centration ammonia solution by 96 h, took the sample out of the
solution and then rinsed the sample by deionoized water, turning the
hydrophilic surface to super-hydrophilic. The second step immersed
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the sample in a 0.5% mass content 1H,1H,2H,2H-perfluorodecyl-
triethoxysilane (C14H19F1703Si) solution by 1h. Then, the sample
was baked in an oven at 110 °C. The second step switched the sample
from super-hydrophilic to super-hydrophobic, displaying the nano-
flower shape on the surface (see Fig. 6b). The nano-surface modifica-
tion process can be seen in refs. [26,27]. Experimental setup and data
reduction can be seen in the supplementary material. Heat load Q had
the uncertainty of 0.1 W. Temperature measurement had the uncer-
tainty of 0.2 °C. The standard error propagation theory yielded the
uncertainty of 5.5% for evaporator thermal resistance and 6.2% for
condenser thermal resistance. Heat transfer coefficients had the
uncertainties of 5.6% for evaporator and 6.3% for condenser.

2.3. Characterization of wettability of evaporator and condenser

Fig. 7 shows a smooth flat and a roughed surface. The Wenzel
model [28] notes cos a,, = r cos a, where a,, is the contact angle (CA)
between liquid and roughed surface, a is the CA between liquid and
smooth surface and r is the “roughness factor” defined as

actual surface
geometric surface

1)

The nano-sheet structure is assumed to have a cross section of a x b
and a height of H. The distance between neighboring nano-sheets is c.
The roughness factor r is

2(a + b)H

(a+c)b+c) (2)

With example values of H=210 nm, a=20 nm, b=100 nm and
c¢=70 nm, r is 4.39. A hydrophilic smooth flat surface with a=77°
becomes a super-hydrophilic surface with a,=7.9°. Fig. 7c shows a
smooth sphere surface just like a 10 um particle, while Fig. 7d shows
the roughed sphere surface just like nano-surface modification on the
particle surface. Because the particle size is several magnitudes larger
than the nano-structure characteristic size, the wettability on the
curved surface is identical to the flat surface. That is, Fig. 7a and
Fig. 7c have identical wettability, and Fig. 7b and Fig. 7d have identical
wettability, respectively.

The term of "contact angle" is only suitable when liquids can be
accumulated on specific location of a surface. This term is not suitable
for the complete wetting condition, under which the contact angle
approaches zero. The spreading time characterizes the surface wett-
ability for super-hydrophilic surface. Instead, for the mastoid process
evaporator encountered in this paper, water can be thoroughly sucked
into the porous wick even without nano-surface modification, the
suction time is used to characterize the wettability of hydrophilic
porous medium, which is defined as the time from the initial contact
between liquid and porous wick to the end of the suction process. The
shorter the suction time, the more hydrophilic the porous medium is.
Therefore, water droplet suction was tested in atmospheric environ-
ment under gravity (6=0°) and against gravity (6=180°). The samples
are initially dry. A droplet with a diameter of 1.9 mm (3.6 pl volume)
was gently deposited on the mastoid process tip. We define V,, as the
volume outside of the conical mastoid process boundary (see Fig. 8a for
the super-hydrophilic porous suction process, and Fig. 8b for V, versus
time t). At 6=0°, the super-hydrophilic porous (SIE sample) only needs
10 ms to absorb the water. The suction time is about one half of that for
the hydrophilic IE sample, indicating the super-adsorption capability of
the porous wick with nano-surface. The gravity effect on the water
adsorption is small. For SIE sample, the against gravity at 6=180°
prolongs the suction time by about 30% compared with 6=0°. The
capillary pressure is the driving force. Gravity force is the driving force
at 6=0° but becomes resistance at 6=180°. The suction test indicates
the capillary pressure as the dominant driving force over the gravity
force. For the condenser surface, the contact angle is 77° on the smooth
surface and it is 160° on the surface with nano-surface modification.
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small pore ~1 um|

)

Fig. 5. SEM photos after the particle sintering (a—d for sintered porous without nano-structure, e and f for sintered particles with nano-sheet structure).

3. Results and discussion

Before the formal experiment on our heat pipes, we fabricated a
vapor chamber heat pipe that is identical to that in Hwang et al. [29] to
verify the reliability of our experimental setup and procedure. The wick
fabrication, water charging and temperature measurements are all
similar to those reported in the reference. The description of the heat
pipe and experimental procedure can be seen in Supplementary
Material. The following describes the results and discussion on our
heat pipe samples.

3.1. Evaporator wall and vapor temperatures

During HP operation, evaporator wall temperature should be
controlled because most of electronic chip specifies the temperature
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limit of 85 °C. Higher temperature exceeding this limit shortens the
device lifetime [30]. Internal vapor temperature is also important
because it corresponds to the vapor pressure. A suitable internal
pressure is useful to balance the outside pressure to minimize the
geometry deformation. Here, T, . (evaporator center wall temperature)
and T, (vapor temperature) are plotted in Fig. 9 versus heat fluxes g.
(net heating load divided by the thin film heater area). Results are
presented for the three HP samples with two typical HP orientations:
bottom heating with 6=0° and top heating with 6=180°. Our measure-
ments are well consistent with the analysis given in Section 2. The #1
sample with equal wettability match gave highest wall temperatures,
while #3 sample with opposite wettability match yields the lowest wall
temperatures. The #2 sample with moderate wettability difference lies
in between #1 and 3 samples. Large T, difference was observed
between #1 sample and the other two samples, indicating the
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(b) roughed surface with nano-sheet

a
b

(d) roughed surface with nano-sheet

Fig. 7. Smooth and roughed surface. (a) smooth plate surface. (b) roughed surface with nano-sheet. (¢) smooth sphere surface. (d) roughed surface with nano-sheet.

significance of nano-structured surface in porous wick, as well as on
condenser surface. At g.=100.3 W/cm?, the #3 sample had T, of
65.9 °C, which was 37.3 °C lower than that for the #1 sample. The
internal vapor temperatures 7, have similar response to heat fluxes as
those of T.. versus g. (see Fig. 9b). Nano-structured surface in
evaporator porous wick and/or on condenser surface not only sup-
presses wall temperatures, but also decreases internal vapor tempera-
tures to limit the pressure. Besides, the #2 and #3 samples extend the
heat flux range by about 40% compared with #1 sample. For example,
#3 sample sustains heat flux of 142.5 W/cm? on a 1.4 cm? heater
surface with T, . of 80.0 °C. On the contrary, #1 sample sustains g, of
100.3 W/cm? but with T, of 102.3 °C. Nano-structure in evaporator
porous wick attracts water to prevent dry-out at high heat fluxes for
evaporator, accounting for the extended heat flux range.

The weak influence of HP orientations on both T.. and T, is
observed. For any HP sample, T, . and T, only show a couple of degrees
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difference between bottom and top heating modes. Fig. 10 gave the
explanation. Similar to the effect of wettability combination of eva-
porator and condenser on heat pipe, the effect of heat pipe orientation
on the performance is also related to phase distribution in the mastoid
process and other void space not occupied by solid material. Keep in
mind that the charged water thoroughly floods all the evaporator
porous wick at adiabatic condition, heating the evaporator results in
some vapor voids in the porous wick to expel the identical volume of
water to outside of the porous wick. We consider the phase distribution
inside the porous wick for different orientations first. Such distribution
is related to the Bond number expressed as [31].

(o, — p)sL’?

Bo 3)

o

where p is the density, g is the gravity acceleration, L is the
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characteristic length and ¢ is the surface tension. Bond number
represents the gravity force related to the surface tension force. We
recall that there are two length scales for the sintered porous wick
without nano-structure, and three length scales with nano-structure
involved. The Bond number determined phase distribution in terms of
micron, sub-micron or nano-meter is definitely a surface tension
dominant process. Noting that there are larger pore channels or
cavities in ~10—100 um scale, we substitute L=100 pm in Eq. (3) to
yield Bo=0.036. This estimation explains the insensitivity of phase

12

15 18 21 24 27

t (ms)

Fig. 8. Water drop suction process for hydrophilic mastoid process (IE) and super-hydrophilic mastoid process (SIE).
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distribution inside porous wick with respect to gravity force. That is to
say, the phase distribution is similar for bottom and top heating modes.

The expelled water from inside to outside of the mastoid processes
is identical for different orientations at heating condition. Then, phase
distribution outside of the mastoid processes is dependent on the bulk
driving force from evaporator to condenser. Even for the equal
wettability combination of evaporator and condenser, the evaporator
porous sub-layer is more hydrophilic than the condenser wall. The
extra water may increase the water film thickness on the evaporator
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Fig. 9. Evaporator wall temperatures T, . at the center and inside vapor temperatures T.

porous sub-layer, not on the condenser wall, explaining the weak effect
of gravity force on heat pipe. The heat pipe can be arranged at any
inclination angles for ground application, it can also be used in varied
gravity acceleration environment for space application.

3.2. Switchable heat transfer mechanisms

We show the switch of two dominant heat transfer mechanisms for
present heat pipes. Most studies used boiling curves to characterize the
performance [32]. Here, we used both boiling curves (Fig. 11a), and
boiling heat transfer coefficients (HTCs, see Fig. 11b). HTC is the slope
of the boiling curves, identifying the boiling mechanisms. We note that
Fig. 11 was obtained for heat pipes, not under pool boiling condition.
The #1 sample behaves almost a linear curve of heat fluxes g, against
wall superheat (T, .-T), corresponding to HTCs not changed versus
heat fluxes g, to behave perfect convection heat transfer mechanism.
On the other hand, the #2 and 3 HP samples display more steep slopes
of boiling curves, corresponding to obvious rises of HTCs with
increases in heat fluxes to show the nucleation mechanism. Fig. 11
shows significant differences of boiling performances between the three
heat pipes. The difference became more significant for high heat fluxes
(heating loads). The #1 sample weakly increased HTCs from 54.3 kW/
m?K at ¢.=28.7 W/cm? to 57.9 kW/m?K at g.=100.3 W/cm?. But, the
#3 sample increased HTCs from 90.1 kW/m?K at g.=28.7 W/cm? to
194.8 kW/m’K at g.=142.8 W/cm?. The HTC at q.=142.8 W/cm? for
#3 sample was 3.4 times of that at g.=100.3 W/cm? for #1 sample. The
HTCs for #2 sample are in between those of #1 and #3. Fig. 11c
demonstrates similar change trends of condensation heat transfer
coefficients (HTCs) versus heating load Q as to those shown in
Fig. 11b. HTCs are not sensitive to Q for #1 sample, but are
significantly increased versus Q for the other two HP samples,
especially for #3 sample. Maximum HTC could be 8.3 kW/m? K for
#3 sample, which was ~5 times of that for #1 sample.

The total thermal resistance, R=R.+R., characterizes the global heat
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pipe performance, linking the evaporator and condenser. The lower the
total thermal resistance, the better the heat pipe performance is. Fig. 12
shows R distribution for different heating loads Q at both bottom
(6=0°) and top (0=180°) heating modes. The influence of gravity force
on total resistances is weak. The R values are even slightly lower at the
top heating mode than those at the bottom heating mode, consistent
with the response of evaporator center wall temperatures T, . with
respect to inclination angles (see Fig. 9). The influence of wettability
matches of evaporator and condenser are significant. At Q=20.2 W, the
total thermal resistance for #3 sample was 0.4 times of that for #1
sample. At Q=140.4 W, the total thermal resistance for #3 sample was
1/3 of that for #1 sample. The nano-surface modification generates
great benefit at high heating load.

Fig. 11 shows that heat transfer coefficient of evaporator is much
larger than that of condenser, i.e. h.>h.. It seems that thermal
resistance of evaporator should be smaller than that of condenser,
i.e. R. < R.. But Fig. 12 shows that R, > R.. This inconsistence comes
from the different heat transfer areas of heater and condenser. The
supplementary material gave the data reduction of these parameters.
For evaporator, thermal resistances and heat transfer coefficient are

- (Te,c - T:/) — Q - Qloss
¢ 0- Qloss ‘ Ahealer(Te.c - T;') (4)
For condenser, the following equations exist
R = (7:; - TL‘,ave) — 0 - Qlass
¢ Q - Ql().\'.\' e Ac(Tv - Z‘,uve) (5)
Thus, the following relationship exists
PO S
Ahearerhe AL'h(' (6)

Attention should be paid on the heater area (Apeater=1.4 cm?), and
the condenser surface area (4.= 69.4 cm?). The fact of significantly
larger A. than Apegter caused R, > R, (see Fig. 12). Evaporator con-
tributes the major thermal resistance.

3.3. Analysis of the switch of two dominant heat transfer mechanisms

The introducing of concepts of continuous phase, disperse phase,
thermally-controlled heat transfer and inertia-controlled heat transfer
helps to understand the two dominant heat transfer mechanisms.

3.3.1. Nucleation mechanism for heat pipes

Super-hydrophilic evaporator and super-hydrophobic condenser
(sample #3) hold the continuous phase of water inside evaporator
porous wick, and continuous phase of vapor on condenser surface,
under which isolated bubbles nucleate, grow and release out of
evaporator porous wick to show nucleation mechanism. Bubbles are
the dispersed phase in evaporator. Bubble nucleation is a periodic
process to be thermally-controlled. Heat transfer coefficients are
related to the number of active nucleation sites. Refs. [33,34] gave a
well-known active bubble nucleation size range as

D _ §sina { AT
€ma i T (1 + cos a)| AT + AT,

[1 + \/1 -

where &, a, g, Tsat, Py, iy are thermal boundary layer thickness, contact
angle, surface tension, saturation temperature, vapor density and latent
heat of evaporation, respectively. ATy, is the liquid subcooling, which
equals O for saturation boiling. AT is the wall superheat, equals to T .—
T, in this study. Giving the values of a=1°, ¢=0.0662 N/m,
Tsa=333.15 K, p,=0.13 kg/m?>, i,=2358.4 kJ/kg for water-vapor sys-
tem, when the wall superheats AT are 1K, 2K, and 10K such as

8c(AT + AT, )(1 + cos )T,
piSAT?
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Fig. 10. Effect of heating on the phase distribution at the bottom and top heating modes (a: phase distribution at adiabatic condition; b: phase distribution at the bottom heating mode,
bubble voids in pore channels expel extra water to increase the water film thickness § > &', c¢: phase distribution at adiabatic condition; d: phase distribution at the top heating mode,
bubble voids in pore channels expel extra water to increase the water film thickness § > §', the junction points nucleate, grow and suck the water drop towards the porous wick of

evaporator).

encountered in this study, the active nucleation size D, are 3.17—
12.00 pm, 1.42-10.62 pm, 0.26—6.78 um, respectively. This estimation
shows that the increased wall superheats at higher heat fluxes push the
active bubble nucleation size to be smaller. Some pore cavities are not
active at small heat flux, but become active at higher heat flux. The
evaporator porous wick contains large quantity of pore cavities in
micron scale. More pore cavities are available to be nucleation sites
when heat fluxes are increased, leading to increased slopes of boiling
curves to demonstrate smart response of heat transfer coefficients with
respect to heat fluxes.

Coso et al. [35] examined biporous media consisting of microscale
pin fins separated by microchannels as candidate evaporator structure
for vapor chamber heat pipes. Pores which separate microscale pin fins
are used to generate high capillary suction, while larger microchannels
are used to reduce overall flow resistance. They observed both the
nucleate boiling and evaporation phenomena, depending on the pin fin
structure parameters. They identified the transition from evaporation
to nucleate boiling. For the evaporation dominant heat transfer, the
heat flux reached 119.6 W/cm?, while the nucleate boiling extended the
heat flux up to 277.0 W/em?. They examined the suppression of
evaporation due to reduction in pore scale.

Tsai et al. [36] investigated two-phase closed thermosyphon vapor-
chamber system. They found that the heat transfer mechanism of the
three surfaces all can be ranked as boiling dominated. Lips et al. [37]
investigated nucleate boiling in a flat grooved heat pipe and empha-
sized the importance of nucleate boiling on heat pipe performance.
They wrote "The presence of nucleate boiling in the grooves improves
the thermal performance of the flat heat pipe". In the conclusion

322

section, they wrote "The experiments show that boiling does not
prevent the operation of the flat plate heat pipe even in presence of
fully developed boiling phenomenon, but on the contrary, improves the
heat transfer".

For opposite wettability match of evaporator and condenser (#3
sample), regarding the condenser surface, the continuous and disperse
phases are vapor and condensed drops, respectively. Graham and
Griffith [38] assumed the minimum radius r,,;, of the droplets to be
equal to the critical radius r, which can be obtained from the classical
heterogeneous droplet nucleation.

20T,
= —"7-_"
Pﬂl\ATsub

roo=
. ®)
where ATgy,= T,—T. is the condenser wall subcooling, T, and T, are the
saturation vapor temperature and condenser wall temperature, respec-
tively. Eq. (8) told us that, at the vapor temperature of 333.15 K (60 °C)
and wall subcoolings of 1 K, 2 K, and 10 K, ry;, (or rp) are 190 nm,
95 nm and 19 nm, respectively. Our nano-structure surface contains
such nano size range (see Fig. 6b). However, larger heat flux causes
increased wall subcoolings to push the nucleation size much smaller.
Small nanopores such as ~20 nm are not active at ATs,;;,=1 K but are
active at AT,,,=10 K. Rose [17] gave the droplet number density N as

o 0:037

s =
r2

min

C))

Eq. (9) told us that active nucleation sizes are significantly reduced,
drop number densities are sharply increased when wall subcoolings are
increased due to the raised heat fluxes. Thus, the nucleation heat
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transfer coefficients obviously increase by increasing heat fluxes.
Nucleation heat transfer coefficients are controlled by thermal non-
equilibrium effect.

3.3.2. Convection mechanism for heat pipes

For #1 sample, the global driving force by capillary pressure is
reduced to cause some pore cavities in porous wick occupied by vapor,
while extra water stays on the condenser surface. In evaporator, due to
the imbalance of capillary pressures between small pores (~1 pum scale)
and larger pores (~10—100 pm), small pores are still occupied by water,
but vapor is the continuous phase in larger pore channels. Water-vapor
interface is formed along the larger pore channels, on which steady
convective evaporation happens. Intensity of the inertia-controlled
convection heat transfer is related to the shear stress at the water-
vapor interface. Heat transfer coefficient is determined by the water
film thickness underneath the bulk vapor cloud. We shall note that the
convective evaporation in this paper is different from the (vapor) film
heat transfer, for which a vapor layer on heating surface deteriorates
heat transfer to behave post-dryout mode (Leidenfrost effect [39,40]).

Keep in mind that shear stress on the water-vapor interface and
water film thickness are determined by vapor phase velocity u, in larger
pore channels, we analyze how u, changes versus heating load Q. For
steady HP operation, evaporation rate m (kg/s unit) is m=Q/i. The
latent heat of evaporation iy, is not sensitive to the saturation vapor
temperature. For #1 sample, when g, is changed from 28.7 W/cm? to
100.3 W/cm?, T, is increased from 37.1 °C to 84.2 °C (see Fig. 9b).
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Fig. 12. Overall thermal resistances for three different wettability matches of evaporator
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Correspondingly, i}, is 2412.9 kJ/kg at T,=37.1 °C and 2297.4 kJ/kg at
T,=84.2 °C. The i, values are only changed by 4.78% at the two vapor
temperatures. The following expression exists by using the mass
conservation equation of m=Npp,u,Ap,

1 1
—X_

x 2
NAy

U (10
where N, A, py, are number of total evaporator pore channels (~10-
100 um scale), cross section area of one pore channel, and vapor
density, respectively. Due to the weak change of i, Eq. (10) shows that
u, can be scaled as u,~Q/p,. For #1 sample, when g, is changed from
28.7 W/em? to 100.3 W/em?, T, is increased from 37.1 °C to 84.2 °C
(see Fig. 9b). Vapor densities p, are increased from 0.0448 kg/m? to
0.3474 kg/m>. The sharp increase of p, versus Q significantly sup-
presses the rise of vapor velocities, accounting for insensitive response
of water film thickness and heat transfer coefficients with respect to
heat fluxes.

Up to now, we discussed nucleation heat transfer for #3 sample and
convection heat transfer for #1 sample. Compared with #3 sample, the
#1 sample reduced bulk driving force from condenser to evaporator.
Some part of larger pore channels is occupied by vapor to weaken the
nucleation effect. The #2 sample behaves the hybrid mechanisms of
nucleation and convection, but still displays nucleation characteristic to
have increased HTCs versus Q. The two mechanisms were also found in
our previous study on the forced convective boiling in microchannels
[41]. Recently, Coso et al. [35] showed that both nucleate boiling and
thin liquid film evaporation can happen for pool boiling.
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3.3.3. Comments on the heat pipe structure

Evaporator and condenser are two major components for HP. The
mastoid process array holds several length scales. The ~mm scale base
diameter and height of mastoid process provide significantly extended
fin area to enhance heat transfer, which is a big benefit compared with
any plain surface. The mastoid process is a biporous wick to contain
many small pores for capillary generation/bubble nucleation and larger
pores for viscous reduction.

Our #3 HP sample contains junction points array on condenser
wall, behaving distinct feature compared with other HP designs in the
literature. The mastoid process tip is super-hydrophilic. Thus, the
condenser wall is a heterogeneous surface with ordered super-hydro-
philic dots on super-hydrophobic wall (see Fig. 10d). The heteroge-
neous surface helps to activate droplet nucleation at small wall
subcooling. Recent study shows that the heterogeneous surface can
prevent or delay the water flooding on the surface [42].

Finally, we talk about the water return path from condenser to
evaporator. We mentioned that the junction points are preferred to be
active droplet nucleation sites. Water drops grow there and quickly
sucked towards evaporator porous wick, being an important water
return path. Other locations except the tip junctions can also be active
droplet nucleation sites, especially at higher wall subcoolings. Growing
droplets result in coalescence induced jumping, which was investigated
by many authors [43-45]. If condenser is above evaporator, any
droplets departing from condenser can be captured by evaporator
porous wick with the help of gravity. If condenser is below evaporator,
the success droplet capture depends on jumping velocity and height.
During droplet coalescence, part of surface energy is converted to
kinetic energy. Too small drops such as radius smaller than 10—20 um
cannot jump [46]. Liu et al. [47] showed that jumping heights are
sharply increased for droplet radius increased from 10 um to 68 pum.
The maximum jumping height is 1.75 mm at the drop radius of 68 um,
beyond which jumping heights are slightly decreased. Our heat pipe
had a 1.5 mm internal thickness to match droplet jumping height for
success capture. We note that the conical mastoid process obviously
shortens the necessary jumping height. Jumping droplets can be
captured by the inclined porous surface (see Fig. 10d).

4. Conclusions

Boiling and condensing are coupled in a heat pipe. The novel
concept of this paper focused on the management of the phase
distribution by nano-surface modification on sintered particle surface
and/or condenser surface. Because nucleation mechanism ensures
increased heat transfer coefficients versus heat fluxes, the objective is
to suppress convection effect but maintain nucleation mechanism. An
optimal water charge ratio should be searched for the switchable heat
transfer mechanisms. Three heat pipe samples were fabricated. The #1
sample did not contain nano-surface to behave limited driving force for
water circulation from condenser to evaporator. Convection evapora-
tion happens on the vapor-liquid interface in pore channels of
evaporator porous wick, and convection (filmwise) condensing occurs
on the condenser surface. Our analysis shows that when heat fluxes are
increased, the increased vapor densities suppress the rise of vapor
velocities on the vapor-liquid interface, accounting for quasi-constant
heat transfer coefficients. The super-hydrophilic evaporator and super-
hydrophobic condenser (#3 sample) hold nucleation mechanism with
obviously increased heat transfer coefficients versus heat fluxes,
explained by more active nucleation sites at high heat fluxes. The #3
sample had its global thermal resistance of 1/3 to that of the #1
sample. Evaporator wall temperatures are decreased by 30-40 °C at
high heat fluxes such as ~100 W/cm?, via the nano-surface modifica-
tion. The benefit of micro/nano structure for HP and the water return
path are discussed in this paper.
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