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We decouple a heat pipe into capillary pressure, flow resistance, condensation heat transfer, and assign
specific length scale to adapt each function. We verify the synergy of various length scales to activate var-
ious functions. The strategy guides multiscale design to realize an enhancement of capillary pressure, a
well management of flow resistance and an ultra-thin liquid thickness on condenser surface. The porous
wick consists of a particle sub-layer and 3D mastoid process array. The tips of mastoid process directly
contact the condenser wall. Four vapor chambers are formed by sintering d,,, = 73.8 um without oxidation

ﬁeej;vtvoridse: (#1), with oxidation (#2), d,,, = 556 nm without oxidation (#3) and with oxidation (#4), respectively.
Multispcgle Liquid suction and heat transfer experiments were performed. Four types of evaporator temperatures

versus inclination angles were observed. Small difference is found between bottom and top heating
modes. The multiscale wick influences the vapor-liquid phase distribution to cause the difference
between side and other heating modes. The d,,,= 73.8 um particle sintering with nano-roughness success-
fully balance various conflicts among capillary pressure, vapor-liquid interface area, flow resistance and
liquid removal from the condenser surface. Nano-roughness increases the vapor-liquid interface area to
have 3-4 times of evaporation heat transfer coefficients compared with smooth particle surface. Nano-
roughness increases the wettability to capture liquid from condenser, having ~18 times of condensation
heat transfer coefficients to those without nano-roughness. The d,, = 556 nm particle sintering and nano-
roughness are the poor match for heat pipes. This paper gives a clue to construct multiscale wicks for heat
pipes and ensures better performance at varied gravity such as micro-gravity environment.

© 2015 Elsevier Ltd. All rights reserved.

Evaporation
Condensation
Decoupling and synergy

1. Introduction

Heat pipes have been widely used from the invention on 1950s.
Various miniature heat pipes, such as micro heat pipes [1,2], loop
heat pipes [3,4], pulsating heat pipes [5,6] and vapor chambers
[7,8], have received great attention in recent 20 years. Besides,
the fast developing space technologies need high performance heat
pipes for electronics cooling, or for other applications, under varied
gravity force levels [9]. A perfect heat pipe shall have the following
characteristics: (1) heat pipe shall start up without apparent tem-
perature excursion to avoid the start up burn-out; (2) heat pipe
shall maintain high heat transfer coefficients during normal oper-
ation; (3) the operation of heat pipe shall be stable; (3) heat pipe
shall have high critical heat fluxes to avoid dry-out.

Heat pipes are phase change devices with capillary force due to
the wall wicking. However, gravity force still plays important role.
Most of heat pipes are working as thermosiphon, that is, the con-
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denser part is above the evaporator part. Heat pipes have poorer
performance at horizontal position [10]. Under earth gravity, it is
difficult to maintain good performance when the evaporator part
is above the condenser part [11]. This is because liquid shall be
recycled to evaporator by capillary force against gravity. The space
technology needs heat pipes to be working under varied gravities.
For example, on the moon, the gravity is only about 1/6 of that on
the earth [12]. Heat pipes on board a space ship shall work under
micro or zero gravities [13].

Heat pipe operation at varied gravities is dependent on vapor—
liquid phase distribution inside. The widely used porous media
with a single length scale is difficult to regulate the phase distribu-
tion under varied gravities. There are many conflicts if one relies on
a single length scale for the wick structure. These conflicts are
summarized as follows.

1.1. Conflict between capillary pressure and viscous force

A key challenge for implementing thin film evaporation is the
ability to efficiently deliver liquid to the heater surface. Recent
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Nomenclature

A surface area, m?

Aneater snake heater area, m?

a nanowires diameter, m

Bo Bond number

b minimum distance between two neighboring nano-
wires, m

D vapor chamber diameter, m

d particle diameter, m

d, smaller pore diameter, m

dy larger pore diameter, m

dE surface energy difference between state A and state
B, W

dK work needed for the bubble traveling from state A
to state B, W

ds, bubble traveling distance in smaller pore, m

ds, bubble traveling distance in larger pore, m

dm mean particle diameter, m

d, single length scale, m

g gravity, m/s?

H nanowires height, m

h heat transfer coefficient, W/m? K

L characteristic length, m

l capillary length, m

N particle number

Py pressures in smaller pore, Pa

P, pressures in larger pore, Pa

Q heating power, W

q heat flux, W/m?

R thermal resistance, K/W

r roughness factor

Ty bottom part radius of vapor chamber, m

Ie top part radius of vapor chamber, m

T temperature, °C
Ty evaporator center temperature at 0

Greek symbols

o contact angle between liquid and solid surface, °
Oy contact angle between liquid and microstructure, °
B non-dimensional parameters, = b/a

A distance away from the heater, m

1 liquid layer thickness, m

Js liquid layer thickness within the porous stacks, m
€ deviation degree factor

0 inclination angles

p density, kg/m>

4 surface tension force, N/m

4 non-dimensional parameters, ¢ = H/a

Subscript

c condenser

CC condenser center

ave average

e evaporator

e c evaporator center
,1~¢,8 location on evaporator wall

¢ 1~¢c8 location on condenser wall

g gas

i ith particle

l liquid

loss heat loss

s solid

w wall

% vapor

efforts have investigated super-hydrophilic micro/nano structured
surfaces, such as micro-pillar arrays, sintered copper powders, and
carbon nanotubes, to transport liquid via capillarity [14-16]. How-
ever, capillary pressure and viscous resistance are coupled with
each other. By reducing the characteristic structure size, the capil-
lary pressure increases, but liquid transport is inhibited due to the
significant viscous resistance associated with the small spacing.

1.2. Conflict between capillary pressure and vapor venting

Considering boiling/evaporation in a wick structure with a sin-
gle length scale d,, capillary pressure is increased if d, decreases.
Meanwhile, the volume will be expanded by ~100-1000 times if
liquid is changed to vapor. The smaller pore size definitely blocks
the vapor venting and hinders the liquid toward the heater surface
to induce critical heat flux (CHF) [17,18]. Alternatively, larger pores
are helpful for vapor venting but are not useful to generate suffi-
cient capillary pressure for liquid supply [19,20]. The two and three
dimensional (2D/3D) modulated porous wicks [21,22], and the
biporous wicks [23,24], are able to overcome the conflict between
capillary pressure and vapor release. Ji et al. [25] found that the 3D
modulated porous wicks significantly increase critical heat fluxes,
which are 3.7 times of that on plain smooth surface. Semenic and
Catton [26] used a wick consisting of large clusters of small copper
particles and suggested that small pores serve to transport liquid to
the boiling sections by capillary suction, while large pores between
the clusters facilitate vapor transport away from the wick thus
enhancing the overall heat transfer performance. Coso et al. [27]
showed both enhancements of boiling/evaporation heat transfer

coefficients and critical heat fluxes by using biporous wick with
the silicon fabrication technique.

1.3. Balance between heat transfer coefficients and critical heat fluxes

For an efficient boiling/evaporation surface, one shall balance
heat transfer coefficients and critical heat fluxes. Recently, micro/-
nano structured surfaces have been investigated widely [28,29].
The textured surfaces strongly influence the surface wettability.
A hydrophobic surface maintains high evaporation heat transfer
coefficients due to thin liquid film on the surface, but the operation
range of heat fluxes is narrowed due to weak ability to suck liquid
toward the heater surface [30]. On the contrary, a hydrophilic sur-
face expands the heat flux operation range but heat transfer coef-
ficients are not large. The problem is how to construct a surface
that not only maintains high heat transfer coefficients but also
has high critical heat fluxes?

1.4. Coupling of the evaporator and condenser

The vapor-liquid two-phases are recycled between evaporator
and condenser. Heat pipe performance is relied on the coupling
between evaporator and condenser. For a heat spreader, liquids
on the condenser surface should be removed successfully to main-
tain better condenser performance. The evaporator shall receive
liquid from the condenser surface. For a conventional vapor cham-
ber, the condensed liquid travels a distance of D and returns to the
evaporator, where D is the vapor chamber diameter. This increases
the liquid film thickness to deteriorate the condenser performance
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[31]. Boreyko and Chen [32] proposed self-propelled jumping
drops on a super-hydrophobic condenser surface, offering a new
mechanism to return the working fluid to the evaporator.

In summary, there are many conflicts if one uses porous media
with a single pore scale in a heat pipe. Various phenomena and fac-
tors are coupled with each other. The varied gravity level makes
the problem more complicated. The multiscale is a possible solu-
tion to overcome the conflicts. In this paper, the decoupling and
synergy strategy is proposed for multiscale construction. A perfect
vapor chamber constructs multiscales by (1) Decoupling: a heat
pipe is decoupled into various functions of capillary pressure gen-
eration, vapor-liquid interface area, liquid and vapor transport and
condensation heat transfer. Because different functions require dif-
ferent pore length scales to adapt, assign a suitable length scale to
activate specific functions. Do not let a single length scale do every-
thing. (2) Synergy: by experimental and theoretical analysis, one
identifies how to synergy different length scales to achieve a com-
prehensive and better heat pipe performance.

Here, vapor chambers were fabricated by sintering
dm =73.8 um or d,;, = 556 nm copper powders on evaporator walls.
The porous wick consists of a particle sub-layer close to the evap-
orator wall and 3D mastoid process array. The tips of porous stacks
directly contact condenser. The vapor chambers include fruitful
length scales. Copper particles are soldered to form a pore with
~0.21d,, scale. Parallel particle chains form pore channel with
width of ~d,, and length longer than d,,. Small pores (~0.21d,,)
create sufficient capillary force, while pore channels (~d,, scale)
transport liquid and vapor. Thermal oxidation generates
nano-roughness on particle surfaces to increase surface area and
wettability. Experiments were performed with and without
nano-roughness. The results showed that the d,;, = 73.8 pm particle
sintering with nano-roughness reflects the “best” match of various

(c) view-B-B

convective air cooling

length scales to activate different functions. The nano-roughness
not only significantly increases vapor-liquid interface area to
enhance the evaporation heat transfer, but also increases wettabil-
ity for liquid collection from the condenser surface to maintain
high condensation heat transfer coefficients. However, the
d., =556 nm particle sintering with and without nano-roughness
involves larger viscous resistance for fluid transport, indicating
poorer match of different length scales.

2. Experimental setup and facility
2.1. Vapor chamber assembly

Fig. 1a shows the vapor chamber assembly. A fin heat sink and a
thin film heater were above and below the vapor chamber, respec-
tively. A5 V DC driven fan was positioned at the top of the fin heat
sink to dissipate heat to environment. The fin heat sink had exactly
the same diameter as that of the vapor chamber. There are totally
23 fins, each having a thickness of 2.0 mm and a height of 53 mm.
The gap between two neighboring fins is 2.5 mm. The glue was
filled between the heat sink and the vapor chamber, and between
the vapor chamber and the thin film heater. Thus, the contact ther-
mal resistances at the two junction surfaces were apparently
reduced.

Fig. 1b shows the thin film heater at the back vapor chamber
surface. The heater had snake shape, which can sustain 45V DC
voltage with its resistance of 14 Q. The effective heating area
was 1.4 cm? (red part of the snake heater). The maximum heating
power was about 200 W. The heater was driven by a power supply
system, consisting of a voltage stabilizer, a voltage transformer and
a power-meter. The voltage stabilizer minimized the voltage oscil-
lation versus time. By adjusting the voltage transformer, one can

(b)

' vapor chamber
(d) hole for thermocouple

Fig. 1. The vapor chamber (a: vapor chamber assembly, b: heater and thermocouples on the vapor chamber bottom surface, c: thermocouples on the condenser surface,

d: thermocouple wires penetrating from the fin heat sink).
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obtain a stable voltage output to yield an adjustable heating power
to the snake heater.

Nine thermocouple wires (T, 1-1eg) were welded on the evapo-
rator surface, with the subscript e meaning the evaporator. The
thermocouple T, was at the evaporator center. The distance
between two neighboring thermocouples was 15 mm. Nine ther-
mocouples were welded on the top vapor chamber surface (see
Fig. 1c), with the subscript c meaning the condenser. Fig. 1d shows
the arrangement of condenser thermocouples and the fin heat sink.
There are miniature holes on the base substrate of the fin heat sink
to penetrate thermocouple wires out of the fin heat sink. There was
a thermocouple inside the vapor chamber to measure the vapor
temperature T, (not shown in Fig. 1).

Before welding the vapor chamber, all the pieces were rinsed by
methanol solution followed by drying. The vacuum and charging
procedures were performed using a special facility fabricated in
our laboratory. The vacuum pressure could be 0.06 Pa using the
molecular pump. The vapor chamber was filled with the de-
ionized water and sealed. The net liquid charged in the vapor
chamber was the weight difference before and after the vapor
chamber was charged with liquid. The weight measurement was
performed by an electronic balance with an uncertainty of 0.01 g.
The inside volume of the vapor chamber is defined as that was
not occupied by metal and metallic particles. The measured vol-
ume was 11.5 ml. The final charged water was 2.3 ml. Thus, the lig-
uid charge ratio was about 20%. Complete wetting the porous
structures (including the porous sub-layer and mastoid processes)
needs about 15% liquid charge ratio. Hence, the 20% liquid charge
ratio indicates about 5% extra liquid outside of the porous struc-
ture. The vapor chamber assembly was positioned on a rotating
facility with the inclination angle uncertainty of 0.5°. The heating
power and the temperatures were recorded by a Hewlett-Packard
data acquisition system.

2.2. Vapor chamber

Fig. 2a shows the Calathea zebrina leaf to have relatively uni-
form mastoid process. A water droplet spreads rapidly and com-
pletely wets the surface in a few seconds. On the leaves of Ruellia
devosiana, 5 UL water was found to require 0.2 s only to completely
spread [33,34]. Fig. 2b shows the mastoid processes sintered on the
evaporator surface of the vapor chamber, noting the A-A cross sec-
tion was shown. The porous structure is super-hydrophilic. Over a
90 mm inside chamber diameter, there are 254 mastoid processes.
Fig. 2b implements the decoupling strategy to construct multiscale
structure for vapor chambers.

2.2.1. Overcome the conflict between capillary pressure and viscous
force

Porous media within the mastoid process contains pores with
scale of ~0.21d,,, which creates sufficient capillary pressure. Paral-
lel particle chains form pore channel with width of d,, scale and
length longer than d,,, acting for the liquid transport channel.

2.2.2. Overcome the conflict between capillary pressure and vapor
venting

Pores in ~d,, scale within mastoid process generates capillary
pressure. Phase change heat transfer from liquid to vapor involves
large volume expansion. Thus, the vacuum volume not occupied by
the mastoid processes is for vapor expansion. The 3D porous stacks
in vapor chambers overcome the conflict between capillary pres-
sure and vapor venting.

2.2.3. Coupling between evaporation heat transfer and condensation
heat transfer

The multiscale wicks are expected to enhance the evaporation
heat transfer. The porous media is hydrophilic. The nano-
roughness on particle surface enhances the wettability, which is
expected to remove liquid from the condenser surface. In other
word, the 3D mastoid process array successfully couples the evap-
oration and condensation heat transfer.

To overcome the above conflicts, the hybrid micro/nano wick is
paid attention. Section 3 discusses the synergy to see if these
length scales are adapted with each other to have better heat pipe
performance. Fig. 3 shows the vapor chamber for anti-gravity oper-
ation, where T, represents the vapor temperature in the vapor
chamber. The heater was positioned at the evaporator center.
The chamber had a 90 mm diameter and a 2.5 mm inner height.
The evaporator wall had a particle sub-layer with a 0.5 mm thick-
ness. Each mastoid process had a 1.5 mm base diameter and a
2.0 mm height. The distance between the two neighboring mastoid
processes was 5.5 mm. The tips of mastoid processes directly con-
tact the condenser surface, passively collecting liquid from the
condenser surface towards the porous stacks. The design prevents
the evaporator from dry-out and ensures ultra-thin liquid film on
the condenser. The multiscale wick structure balances the conflicts
among the capillary pressure, flow resistance and condensation
heat transfer.

High quality copper powders were used for sintering. The
d,, = 73.8 um particles were selected by screen mesh. The selection
process was repeated by two times, one with a larger screen mesh
and the other with a smaller screen mesh. In such a way, the par-
ticles had a narrow size range. Two characteristic sizes of

(a) The uniform conical structures on a leaf of

Calathea zebrine [38]

(b) The evaporator photo for vapor chamber

Fig. 2. The 3D mastoid process in nature (a) and sintered evaporator for vapor chamber (b).
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Fig. 3. The vapor chamber dimensions (dimensions are in mm).

dm=73.8 um and d,, = 556 nm were used, where d,, is the mean
particle diameter. The SEM (scanning electron microscope) photos
were taken to perform the statistical analysis, yielding d,, as

N
7'C3_ §3
Nxédm*igadl 1)

where N is the particle number involved in the statistical analysis,
and d; is the ith particle diameter.

A 0.5 mm particle layer was sintered on the evaporator wall. A
graphite mold with conical cavities was fabricated, cleaned and
dried. The cavity size was exactly identical to the mastoid process.
The cavities of the graphite mold were filled with copper particles.
Bonding the evaporator and the graphite mold tightly forms an
assembly. The assembly was in an oven for sintering with vacu-
umed air to prevent the particle oxidation. The sintering was per-
formed in a nitrogen-hydrogen gas protection environment,
further preventing the particle oxidation. The sintering tempera-
ture was dependent on the particle size. For the 73.8 um particle
sintering, the sintering temperature was 900 °C and the sintering
time was 3.5 h. Alternatively, for the 556 nm particle sintering,
the sintering temperature was 650 °C, lasting 3 h. After the sinter-
ing, the sample was kept in the oven, until its temperature was
decreased to a value slightly higher than the environment. Then
the sample was taken out of the oven for further process.

Four evaporator samples were prepared. The #1 and #3 sam-
ples are with d,, = 73.8 um and d,,, = 556 nm particles, respectively.
Both are without thermal oxidation. The #2 and #4 samples are
with d,,=73.8 um and d,, =556 nm particles, respectively. But
they are with thermal oxidation, which were performed in the
oven for another one hour by sintering the particles in air
environment.

2.3. Data reduction and uncertainty analysis

Before the formal experiment, heat loss was experimentally
determined without convective air cooling. A copper plate with
identical diameter and thickness of the vapor chamber was tested.
The snake heater was arranged on the center surface of the copper
plate. The copper plate was wrapped by high quality thermal insu-
lation material. The heating power was recorded when the center
wall temperatures are reached specific values such as 40-120 °C.
The temperature range is the same as the operation range of the
four vapor chambers. Thus, a specific wall temperature corre-
sponds to a specific heat loss.

For the vapor chamber experiment, the heat flux on the evapo-
rator wall was

Q — Qluss
— loss 2
1 Aheater ( )
where Q is the heating power from the power-meter, Qs is the
heat loss at the corresponding wall temperature T, Apeaeer 1S the
snake heater area, which is 1.4 cm? (see the red part of Fig. 1b).
The evaporator thermal resistance is

- (Tec —T,)
Re - Q - Qloss

where T, is the wall temperature at the evaporator center (see
Fig. 1b). The evaporator heat transfer coefficient is

3)

Q - Qloss
he=—>= - ___ 4
¢ Aheuter(Te,c - Tv) ( )
The condenser thermal resistance is
(Tv - Tc‘uve)
R =~——"""~ 5
¢ Q - Qloss ( )

where T.q. is the average temperature on the top condenser sur-
face (see Fig. 1c), which is

-l 8
Tc‘aue = § |:Tc.c + IE;TCI:| (6)
The condensation heat transfer coefficient is
he = Q- Qs (7)

Ac(Tv - Tc.ave)

where A, is the condenser wall area having a 90 mm diameter. The
power measurement had the uncertainty of 0.1 W. The temperature
measurement had the uncertainty of 0.2 °C. The standard error
propagation theory [35] yields the uncertainty of 4.9% for evapora-
tor heat transfer coefficients, and 6.3% for condensation heat trans-
fer coefficients.

3. Results and discussion
3.1. SEM pictures

Fig. 4a-c shows the #1 (73.8 um without oxidation) sintering
particles. The pore network is easily seen. Particles are clearly seen
to be soldered by sintering (see Fig. 4c). The welding points appar-
ently reduce the contact thermal resistance between neighboring
particles. The pore size is about 21% of the particle diameter [36],
which is ~15 pm for the #1 particle sintering. However, not all
the neighboring particles can be soldered together. Two parallel
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Fig. 4. SEM images (a, b and c are for #1 particle sintering, d, e and f are for #2 particle sintering).

particle chains are found to create a pore channel, having its width
in particle diameter scale. The pore channel length is longer than
the particle size. The #1 vapor chamber had three length scales:
(1) pores in ~15 pum scale; (2) pore channels with width of
~dp, =73.8 pm, and length longer than d,;; (3) ~mm scale outside
of the mastoid process. Fig. 4d-f shows the #2 particle sintering
with thermal oxidation. The CuO nanostructure includes nano-
flowers array and nanowires (see Fig. 4f). Nanowires are with
~10 nm diameter and ~100 nm length. Thus, the #2 vapor cham-
ber had four length scales: (1) nano-roughness; (2) pores in
dp, =73.8 um; (3) pore channel with width ~d,, and length longer
than d,,;; (4) ~mm scale outside of the mastoid process.

Nanoparticle sintering is a difficult task because the sintering
quality is sensitive to the sintering temperature and time. We care-
fully choose the sintering parameters to have perfect nanoparticle
sintering. Fig. 5a-c shows the SEM images for the #3 particle
sintering without oxidation. Three nano-particles are soldered
together in Fig. 5c. The pore size is down to ~100nm for
dp, = 556 nm. The parallel particle chains form pore channel to have
~d,;; = 556 nm width and longer length. Fig. 5d-f shows nanostruc-
tures on particle surface for the #4 sample. Nano-flowers and
nanowires are observed. Because nanoparticles are covered by
nano-roughness, isolated nano-particle is difficult to be
observed.

3.2. Liquid suction tests

Liquid is easily transported in porous media with the help of
gravity. When heater is positioned above the condenser, heat pipe
is working against gravity, which is a challenge task. Clean copper
powders are hydrophilic to spread liquid in porous wicks. Liquid
suction test was performed by gentle contacting a 1.5 mm diame-
ter droplet of water with a mastoid process tip (see Fig. 6). The #3
sample (d, =556 nm without oxidation) was used. The droplet
was quickly sucked into the porous stack in 60 ms.

Fig. 7 shows the liquid suction against gravity for the #1 sample
(dm =73.8 um without oxidation). The mastoid process tip was
below its base substrate. A slim needle held a 1.5 mm diameter
water droplet. The droplet was moving slowly to approach the
mastoid process tip. The droplet enveloping and mastoid process
were marked by red and blue colors, respectively. The attractive
force between copper powders and water sucked the water drop
against gravity. The suction time was only 34 ms.

Liquid suction is balanced by wettability, capillary force and
viscous resistance in porous media. The smaller the particles, the
smaller pore size is to create larger capillary force. This is usefully
for liquid suction. On the other hand, the decrease of particle sizes
narrows the pore channels to raise the viscous resistance. This
explains why the drop suction time was 34 ms for the #1 sample
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Fig. 5. SEM images for nano particle sintering (a, b, and c are for #3 particle sintering, d, e and f are for #4 particle sintering).

0 ms 5.0 ms 10.0 ms 15.0 ms ’ 20.0 ms

30.0 ms 35.0 ms 41.0 ms 60.0 ms

Fig. 6. The liquid suction test under gravity for #3 particle sintering (d, = 556 nm without oxidation).
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25.0 ms

28.3 ms 29.7 ms

31.0 ms 343 ms

Fig. 7. The liquid suction test against gravity for #1 particle sintering (d,, = 73.8 um without oxidation).

(dm =73.8 um), which was faster than 60 ms for the #3 sample
(dm =556 nm). Optimal particle size exists for liquid suction.

When particle size is down to micron or nano, the pore size is
much smaller than the capillary length [ = (¢/p,g)*>, yielding neg-
ligible gravity effect on the liquid suction. This explains why
hydrophilic porous stacks can suck liquid against gravity. For a
hydrophilic surface, the hydrophilic degree will be enhanced if
one fabricates nano-roughness on the surface [37,38]. This effect
increases liquid suction capability. This is true for larger particle
sintering such as dp,=73.8 um. For nano-particle sintering
(d, = 556 nm), the nano-roughness increases the surface wettabil-
ity but the viscous resistance is sharply raised. This deteriorates
the liquid suction process.

3.3. Heat pipe performance dependent on inclination angles

In order to demonstrate the effectiveness of the vapor cham-
bers, calibration tests were performed for a copper plate and the
four vapor chambers. The copper plate had identical sizes of the
heat pipe samples. The fin heat sink was on the copper plate.
Table 1 shows the comparison results between the copper plate

Table 1

and the vapor chambers. The center wall temperatures were
recorded as T... The total thermal resistance was recorded as R;.
For the vapor chambers, R; equals to R; = R, + R., which is deduced
in Section 2.3. For the copper plate, R, is the temperature difference
of T, .~ T, divided by the heating power Q. Table 1 shows that the #1
vapor chamber slightly decreased T.. and R,, compared with the
copper plate. The difference between the copper plate and the #2
vapor chamber is significant. For instance, the copper plate had
Te.=104.7 °C and R; = 0.392 K/W at Q = 100 W. But the #2 vapor
chamber decreased T, to 69.4 °C, at which the thermal resistance
is 0.1 K/W (about 1/4 of the copper plate). The #3 and #4 vapor
chambers had the performance between the #1 and #2 vapor
chambers. Table 1 shows the apparently improved thermal perfor-
mance by the vapor chambers.

Heat transfer data was reported. Here, 0 = 0°, 90° and 180° refer
to the bottom, side and top heating mode, respectively. Because T,
was maximum around the whole vapor chamber, T, was focused.
A deviation degree factor, ¢, is defined to consider the 0 effect.

T@ — Tg:()c
E=—r—— 8
Too 8)

Calibration results among the copper plate and the four vapor chambers at the horizontal position (bottom heating mode).

QW) Copper plate #1 vapor chamber #2 vapor chamber #3 vapor chamber #4 vapor chamber

Te (°C) R: (K/W) Te (°C) R: (K/W) Te (°C) R (K/W) Te (°C) R (K/W) Te (°C) R (K/W)
20 42.2 0.38 40.2 0.365 315 0.263 36.3 0.22 344 0.211
40 65.7 0.384 56.2 0.381 42.2 0.114 56.1 0.392 45.2 0.150
60 86.4 0.393 73.8 0.381 49.6 0.084 73.1 0.393 56.6 0.154
80 104.9 0.406 89.2 0.394 59.1 0.092 87.9 0.382 69.6 0.174
100 1191 0.413 104.7 0.392 69.4 0.101 97.4 0.339 81.5 0.175
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Fig. 8. The inclination angle effect on vapor chamber temperatures.

where T, is the evaporator center temperature at ¢. Equation (8)
used the temperature at bottom heating mode (6 = 0°) as the refer-
ence value. The temperature unit is °C. Fig. 8 shows inclination
angle patterns. Four rows correspond to the four vapor chambers.
In each subfigure, Ty—o- was given. The findings are as follows.

3.3.1. The vapor chamber performance

The #1 vapor chamber had the poorest performance. For
instance, at Q=40W, the #1 sample had Ty-- = 56.2 °C, but the
#2, #3 and #4 samples had Ty-g- =42.2 °C, 56.1 °C and 45.2 °C,
respectively. The #2 vapor chamber had the best performance,
having the lowest temperature. At Q = 100 W, the #2 vapor cham-
ber had Ty-g-=69.4°C, but #1, #3 and #4 samples had
Ty=0- = 104.7 °C, 97.4 °C and 81.5 °C, respectively. The #3 and #4
vapor chambers had the temperatures between the #1 and #2
vapor chambers. This indicates that for the #2 vapor chamber, var-
ious length scales are adapted each other to have the best
performance.

3.3.2. The four types of deviation degrees

Fig. 8 shows the four types of deviation degree factors. The first
type, represented by the black color, behaved uniform distribution
of temperatures versus inclination angles. It happened for all the
heating powers for the #1 vapor chamber. The #2, #3 and #4 vapor
chambers also displayed the first type at lower heating powers.
The transition powers from the first type to other type of deviation
degree factors are decreased from #2 to #4 vapor chambers.

The second type of deviation degree factors, represented by the
red color, occurred at larger heater powers for the #2 vapor cham-
ber. The side heating mode (0 = 90°) had lowest temperatures. The

top heating mode (0 = 180°) had slightly lower temperature than
the bottom heating mode (0 = 0°).

The third type of deviation degree factors, represented by the
blue color, happened at larger heating powers for the #3 vapor
chamber. The temperatures are continuously decreased from
0=0° to 180°. The forth type of deviation degree factors, repre-
sented by the pink color, had peculiar distribution compared with
the above three types of deviation degree factors. The #4 vapor
chamber had higher temperatures for the side heating mode
(6 =90°) than those at 6 = 0° or 180°, except at Q = 20 W. Generally,
the difference between bottom and top heating modes is small. But
the side heating mode yields apparently different temperatures
compared with other heating modes.

3.3.3. Explanation of the observed phenomena

Examining pore network structure in porous media (see
Fig. 9a and b) explains why the #1 and #2 vapor chambers had
the poorest and best performances, respectively. For the #1 sam-
ple, two length scales exist: pore size of ~15 pum, and pore channel
with width of ~d;, =73.8 um and length longer than d,,. Fig. 9c
shows pore and pore channel, represented by d; and d,, respec-
tively. We assume a vapor bubble with one part in pore d; and
the other part in pore channel d,. The solid and dashed curves rep-
resent the bubble interfaces at the initial state A and the final state
B, respectively. Chen et al. [39] analyzed the surface energy
between state A and state B, and concluded that a pressure differ-
ence of P;-P, =40(1/d,-1/d;) drives a bubble from a smaller pore
of d; to a larger pore of d,, where P; and P, are the pressures in
smaller pore and larger pore, respectively. For the #1 sample,
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Fig. 9. Pore network for d,, = 73.8 um particle sintering (a: without oxidation, b: with oxidation, c: surface energy analysis from smaller pore to larger pore, d: parallel particle
chains formed pore channel without oxidation, e: parallel particle chains formed pore channel with oxidation).

P;-P, can be up to 26.2 kPa, if one assumes d; =10 pum and
d, = 100 pm for saturation water-vapor system.

Positive P;-P, yields liquid population in smaller pores and
vapor population in larger pore channels. Fig. 9d and e shows pore
channels for the #1 and #2 samples, respectively. The nano-
roughness on particle surfaces significantly increases the liquid-
vapor interface area (A). We remember that evaporation heat
transfer depends on A: Q = hA(T,~T,), where h, is the evaporation
heat transfer coefficient, T,,~T, is the temperature difference. The
greatly increased surface area A decreases wall temperature T,
explaining why the #2 vapor chamber had better performance
than the #1 vapor chamber.

For the #3 and #4 vapor chambers, pore channel with submi-
cron scale provides ultra large vapor-liquid interface area for evap-
oration heat transfer. Because the pore had ~100 nm scale and the
pore channel had ~d,, =556 nm scale, liquid transport in porous
media becomes difficult due to the sharply increased flow resis-
tance. In summary, the submicron or nanoscale pore networks
formed the obstacle for the two-phase transport, explaining poorer
performance of the #3 and #4 vapor chambers.

The four types of deviation degree factors (see Fig. 8) were
explained here. The liquid charge ratio was 20%. It should be about
15% for the saturated wetting of the porous media. Thus, about 5%
liquid charge ratio was outside of the porous wicks, yielding a liq-
uid layer of about 100 pm thickness on a 90 mm diameter surface.
We call such liquid as the extra liquid, whose distribution influ-
ences the vapor chamber performance.

Vapor chamber is a capillary force dominated system, explain-
ing the insensitive distribution of T, . versus inclination angles. This
is true for the #1 vapor chamber in the whole heater power range
and other vapor chambers at lower heater powers. However, the
inclination angle effect occurs at larger heater powers for the #2,
#3 and #4 vapor chambers. This is caused by the liquid-vapor
phase distribution influenced by various length scales. The Bond
number is defined as

(p1— pgel’
o

Bo = 9)
where L is the characteristic length, which is L=A =2.5 mm at
0 = 0° (see Fig. 10a). The Bond number is 0.8, indicating both impor-
tance of gravity and capillary on the extra liquid distribution. The
Bo ~ 1 caused the extra liquid settlement of about § = 100 um thick-
ness on the particle sub-layer. We remember that the #2 sample
with nano-roughness is super-hydrophilic to collect the extra liquid
towards the porous stacks. This induces a liquid layer of Js within
the porous stacks close to the heater wall, yielding an additional
thermal resistance corresponding to the liquid layer of Js.

Fig. 10b shows the side heating mode at 6 = 90°. The Bond num-
ber becomes 1100 with L = D, where D is the vapor chamber diam-
eter. The extra liquid settlement is more obvious to from a ¢
thickness. The heater is located at the vapor chamber center, which
is far away from the vapor chamber bottom where § was marked.
Such phase distribution yields a large vapor-liquid interface area
for evaporation heat transfer in the vapor chamber center, explain-
ing the lowest T,, at 0 =90° compared with the other two posi-
tions. For the top heating mode (0 =180°, see Fig. 10c), the extra
liquid tends to populate in the tips of the porous stacks, which is
away from the heater by a distance of A. Because the additional
thermal resistance due to liquid layer near the heater wall does
not exist, Fig. 10c gives a better thermal performance for the top
heating than for the bottom heating. Fig. 10 explains the second
type of deviation degree factors for the #2 vapor chamber (see
Fig. 8).

For the #3 vapor chamber, Fig. 8 shows the lower temperatures
at 0 =90° and 180° than those at 0 = 0°. This is because the 0 = 90°
or 190° positions yield larger vapor-liquid interface area to pro-
mote the evaporation heat transfer. Fig. 8 shows the forth type of
deviation degree factors. The ¢ difference between 0=0° and
180° is not large, but the 0 = 90° position had higher temperatures
than other positions. Fig. 11 gave the explanation. Fig. 11a shows
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(a) (b)

Fig. 11. Nanoscale roughness on submicron particle surfaces (d,, = 556 nm) deteriorates liquid transport to induce the forth type of deviation degree factors (a: pore network,

b: phase distribution).

pore network before thermal oxidation, in which pore and pore
channel are clearly seen. Fig. 11b shows the side heating operation.
The vapor chamber is divided into a top part (r;) and a bottom part
(rp). The mastoid processes corresponding to the heater location
receives liquid from the top part of the vapor chamber, but the lig-
uid in porous stacks is difficult to flow downward due to the
increased viscous force in pore channels, reducing the vapor-liquid
interface area for the evaporation heat transfer. The nano-rough-
ness on submicron particles further narrowed the pore channel
width to increase the flow resistance at the side heating mode,
explaining the forth type of deviation degree factors shown in
Fig. 8.

It is noted that Figs. 9-11 are the perceptions, which reasonably
explained the wall temperature distributions influenced by the
gravity force. The flow resistance and phase distribution are
strongly related to the liquid charge ratio. In this study, the liquid
charge ratio is well maintained to have an ultra thin liquid layer of
about 100 pm thickness on the particle surface. Because the mate-
rial is super-hydrophilic, liquid is preferred to be populated in por-
ous media.

3.4. Boiling curves and heat transfer coefficients

Fig. 12a shows T, versus g at 6 =180°. The #1 and #2 vapor
chambers had highest and lowest T.., respectively. The #3 and
#4 vapor chambers had T.. between the #1 and #2 samples.
Fig. 12b shows the vapor temperature T,. Two groups of T, were
observed. No matter at 6=0° or 180° and for d,=73.8 um or
556 nm, vapor chambers with nano-roughness significantly
decreased vapor temperatures than those with smooth particles.
The nano-roughness increased the wettability to enhance the
water capture from the condenser surface, yielding ultra thin liquid
film on the condenser surface to promote the condensation heat
transfer. This explains the lower vapor temperatures with nano-
roughness.

Fig. 13 shows boiling curves. The #2 vapor chamber with nano-
roughness not only enhances the evaporation heat transfer, but
also enlarges the heat flux range, compared with the #1 vapor
chamber. The thermal-fluid mechanism is complicated for vapor
chambers having submicron particles. The #3 and #4 vapor cham-
bers had intercrossed curves. But the #4 vapor chamber apparently
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Fig. 12. Evaporator center wall temperatures (a) and inside vapor temperatures (b).

extended the heat flux range. The nano-roughness enhances the
wettability to prevent the evaporator from dry-out at high heat
fluxes.

Fig. 14 shows evaporation and condensation heat transfer coef-
ficients. Nucleate boiling or evaporation heat transfer occurs for
evaporators. At low heat fluxes such as q < 20 W/cm?, the evapora-
tor heat transfer coefficients are sharply increased to indicate the
nucleate boiling mechanism. At g > 20 W/cm?, heat transfer coeffi-
cients are insensitive to the heat fluxes, showing the evaporation
heat transfer mechanism.

The #2 vapor chamber had evaporator heat transfer coefficients,
he, about 3-4 times of those for the #1 vapor chamber, due to the
significantly enlarged vapor-liquid interface area with nano-
roughness. The #2 vapor chamber had maximum h, of 120 kW/
m? K, but the #1 vapor chamber had h. of about 35 kW/m? K.
The #2 vapor chamber decreased h, at q > 80 W/cm?. Even though
T, still maintains normal value, the fluid transport in microstruc-
tures becomes difficult at high heat fluxes. The evaporator heat
transfer coefficients are intercrossed for the #3 and #4 vapor
chambers, reflecting the comprehensive influence of micro/nano
structures and inclination angles.

Fig. 14b and d show condensation heat transfer coefficients of
h.. The oxidation of mastoid processes promoted h. to about
14 kW/m? K, which is ~18 times of that with smooth particle
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Fig. 13. Boiling curves (a for #1 and #2 vapor chambers, b for #3 and #4 vapor
chambers).

surface. Condensation heat transfer is dependent on the wettability
of mastoid processes, not dependent on the pore or pore channel
sizes. Fig. 15 plots thermal resistances. For d,, = 73.8 um sintering,
the nano-roughness reduces the evaporator thermal resistances to
about 1/3-1/2 of those with smooth particle surfaces (see Fig. 15a).
The nano-roughness reduces the condenser thermal resistance to
about 1/18 of those without nanostructures (see Fig. 15b and d).

3.5. Effect of nanoscale roughness on surface area and wettability

The wettability of solid surface can be changed by varying sur-
face free energy or surface microstructure. The following equation
exists [40]:

ags — Ojs

coso = (10)

gl
where o is the contact angle between liquid and solid surface, the
subscripts g, | and s represent gas, liquid and solid, respectively, ¢
is the surface tension force. If a liquid wets the surface, o4 — G5
is larger than 0. The high energy surface is called for higher surface
tension force between gas and solid, such as g4 > 500-5000 mN/m.
Clean copper, aluminum, zinc surfaces are hydrophilic. Copper
oxide (CuO) surface is super-hydrophilic to have a contact angle
of about 30° [41,42]. The contact of CuO and H,0 forms hydrogen
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bond with oxygen atom in CuO and hydrogen atom in H,0, and
coordinate bond with cupric ion and oxygen atom in H,0. Thus,
the concentration of polar molecules is increased to increase the
surface wettability.

For a hydrophilic surface, the surface wettability is enhanced by
raising the surface roughness. The Wenzel model [43] yields

COS 0Ly, =T COS Ol (11)

where «,, is the contact angle between liquid and microstructure
surface. We must recognize a distinction between “actual surface”
of an interface and what might be called its “geometric surface”.
The latter is the surface as measured in the plane of the interface.
Where perfect smoothness is an acceptable assumption, as at lig-
uid-liquid or liquid-gas interfaces, actual surface and geometric
surface are identical, but at the surface of any real solid the actual
surface will be greater than the geometric surface because of sur-
face roughness. This surface ratio is termed the “roughness factor”
and designated by r:

_actual surface (12)
~ geometric surface

For a flat solid surface, the nanowires had a diameter of a and a
height of H. The minimum distance between two neighboring
nanowires is b. The roughness factor is

naH
(a+b)?

By introducing two non-dimensional parameters of = b/a and

r=1+ (13)

&=Hja, Eq. (13) becomes

14T (14)
(1+5)

The Wenzel model (Eq. (11)) told us that the contact angle on
nanostructure surface is dependent on r. A copper plate is hydro-
philic. When g is fixed, the increase of ¢ makes the hydrophilic sur-
face to be more hydrophilic. When nanowires are generated at the
solid plate, the surface becomes more hydrophilic due to large ¢.
An example was given here for g =2 and ¢ = 2.5, the roughness fac-
tor r is 1.8722. The contact angle will be decreased from 60° to
20.5° by Eq. (11).

Now we consider the nanostructures on sphere particles. The
particle had a diameter of d. Nanowires had the same dimensions
as those on flat solid surface. The roughness factor r becomes

naH

r=1+— -2
d-arcsin“[(a + b)/d]

(15)

Equation (15) reflects the particle size effect on r. For specific a,
b and H, the effect of d on r is weak. Thus, the wettability perfor-
mance is less affected. For a=10nm, b=20nm and H =25 nm,
the particle d=73.8um yields r=1.8722. Alternatively,
d =556 nm yields r=1.8714. This estimation explains the similar
condensation heat transfer coefficients for the #2 and #4 vapor
chambers because the porous stacks had similar water capture
capability. In summary, nano-roughness increases the actual sur-
face area to raise the vapor-liquid interface area for evaporation
heat transfer enhancement. Another benefit is to increase the wet-
tability to prevent the evaporator from dry-out and enhance the
liquid collection capability from the condenser surface.
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Fig. 15. Evaporator and condenser thermal resistances (a and b for #1 and #2 vapor chambers, c and d for #3 and #4 vapor chambers).

Table 2
Comments on various functions dependent on length scales.
Vapor Multiscales Capillary Liquid Vapor venting Evaporation heat Liquid return Condensation
chambers pressure transport transfer coefficient from condenser heat transfer
coefficient
#1 Pore ~0.21d,,; pore channel ~d,,; Normal Good Good Not large due to Poor due to Not large due to
vapor volume ~mm, where smooth particle surface normal normal liquid
dm=73.8 pm wettability collection by
porous wick
#2 Nano-roughness (10~100 nm); Super-large  Good Good Perfect due to Perfect due to the Perfect due to the
pore ~0.21d,,; pore channel ~d,,; due to sufficiently large strong wettability  strong liquid
vapor volume ~mm, where nanoscale capillary pressure and of porous stacks suction by porous
dpm=73.8 um roughness extended surface area stacks
#3 Pore ~0.21d,; pore channel ~d,,, ~Good Normal Normal Not large due to pore Normal due to not Large due to
vapor volume ~mm, where channel blocking effect normal normal liquid
dpm =556 nm wettability collection by
without nano- porous wick
roughness
#4 Nano-roughness (10~100 nm); Super-large  Poor due to the Poor due to the Not large due to pore Perfect due to the Perfect due to the
pore ~0.21d,,; pore channel ~d,;; due to strong pore strong pore channel blocking effect  strong wettability  strong liquid
vapor volume ~mm, where nanoscale channel channel of porous stacks suction by porous
dpm =556 nm roughness blocking effect ~ blocking effect stacks

3.6. The synergy consideration of the four vapor chambers

The vapor chambers had fruitful multiscales. We identified if
these length scales are matched with each other to improve the
heat pipe performance. Table 2 summaries length scales, capillary
pressures, liquid transport, vapor venting, evaporation heat trans-
fer, liquid return from condenser and condensation heat transfer.
Comments are given for these functions corresponding to specific
length scales.

The #1 vapor chamber had the poorest performance. Even
though fluid transport is smooth going with ~d,, =73.8 um pore
channel, the evaporation heat transfer is not good without nanos-
cale involved. The condensation heat transfer coefficients are low,
due to the normal wettability of mastoid process array.

The #2 vapor chamber had four length scales. The ~mm scale
outside of mastoid processes are for the vapor population. The pore
channels with d;,, = 73.8 um scale smoothly transport fluid in por-
ous media. The nano-roughness increased surface area to enhance
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the evaporation heat transfer. The increased wettability of porous
stacks enhances the liquid collection from the condenser to
enhance the condensation heat transfer. The four length scales are
adapted with each to successfully overcome various conflicts for heat
pipes.

The #3 and #4 vapor chambers showed poor overall perfor-
mance. For the #4 vapor chamber, the nano-roughness creates
large capillary pressures and expands surface area. The increased
wettability increases the liquid collection from the condenser to
maintain high condensation heat transfer coefficients. But further
narrowed pore channels hinder the fluid transport to deteriorate
the evaporation heat transfer. The submicron particle sintering and
the nano-roughness are the poor match, which cannot coordinate con-
flicts for heat pipes.

The decoupling and synergy strategy guides the multiscale con-
struction. The device can work at different inclination angles on
earth. The side and top heating modes even have better perfor-
mance than the bottom heating mode, if liquid in the porous stacks
at the heater region can be freely transported to elsewhere. It is
expected the multiscale heat pipes can work under varied gravity
levels such as on board a space ship.

4. Conclusions
The conclusions are summarized as follows:

e The decoupling and synergy strategy was proposed to construct
multiscales for heat pipes. The first step decouples a heat pipe
into a set of functions and assigns suitable length scale to acti-
vate specific functions. The second step verifies the synergy of
various length scales to adapt functions.

Four vapor chambers were fabricated by sintering d,, = 73.8 um
or d,, =556 nm particles, with and without thermal oxidation
on particle surfaces. The SEM images show multiscale behavior
and the water suction tests show the hydrophilic mastoid
process.

The #2 vapor chamber had the best performance, due to the
match of each length scale with corresponding function. The
#3 and #4 vapor chambers had poor performance, due to the
narrowed pore channels to transport fluids.

Four types of deviation degree factors were found. The differ-
ence between the bottom and top heating modes is not large.
The side heating mode had apparently different temperatures.
For the side heating, the #2 vapor chamber had lower temper-
atures, due to the free moving of liquids from the heater region
to the bottom region. The #4 vapor chamber had high temper-
atures, due to the liquid blockage effect in pore channels.

The #2 vapor chamber with nano-roughness not only had large
evaporation heat transfer coefficients, but also enlarged the
heat flux range. The #4 vapor chamber with nano-roughness
increased the hydrophilic degree to extend the heat flux range,
but the evaporation heat transfer coefficients were low.
Nano-roughness of mastoid processes increased the wettability
to enhance the water capture from the condenser. The conden-
sation heat transfer coefficients can be increased by 18 times
using the evaporator wettability enhancement.

The ~100 pm particle sintering and the nanostructure are the
best combination to coordinate various conflicts, but the submi-
cron particle sintering and the nanostructure are the poor
match, which cannot coordinate conflicts for heat pipes.
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