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ABSTRACT: Capillary-driven heat pipes are an effective thermal solution for Ultralight

compacting electronic cooling systems. We advance such a heat pipe thermal Heat Pipe

solution with ultralightweighting for mobile applications. In our advancement,

the envelope that encapsulates the phase-change process of a working fluid is

fabricated via electroless plating being ~40 ym thick. Furthermore, the wick - _
structure that transports condensate to a heat source via capillarity is also Vs B b

electroless-plated onto the envelope’s inner surfaces, creating a 100-pum-thick,
microporous layer. This wick structure is sequentially superhydrophilized by
blackening that forms a nanotexture on the microporous wick layer. An
effective density of our prototype ultralight heat pipes (uHPs), as a measure of
lightweighting, indicates, on average, a remarkable 73% weight reduction of : Commercial
commercial counterparts with sintered copper powder wick in similar exterior _ Heat Pipe 100 pm
dimensions (e.g, ~2.7 g, compared to ~10.0 g) while providing equivalent

heat spreading. Furthermore, the uHP operates at a 25% lower evaporator temperature, due to additional heat rejection to the
surroundings through the ultrathin-walled envelope and wick.

Evaporator | Mid-section L Condenser

B INTRODUCTION

A capillary-driven heat pipe is perhaps the most popular S T
contemporary solution for thermally managing microelectronic Condénsate
components, due to its simple design, low cost, design flexibility,
and good heat spreading capability.' > A notable application
includes smartphones and notebook computers after flattening
the generic tubular design for the sake of further compacting. A
heat pipe, in principle, spreads excessive heat emitted from

microelectronic components via latent heat conversion of a Figure 1. An original equipment manufacturer (OEM) capillary-driven

Xvorking fluid in a vacuum chamber (often termed an heat pipe with a copper tube as envelope and sintered copper powders
envelope”). Both hot and cold ends of the envelope act as an as wick, and microstructures (D, = 10 mm, L = 20 mm, §, ~ 1.0 mm,

evaporator and a condenser, respectively, while the midsection and §, ~ 1.8 mm).
functions to provide passages for (i) vapor flow (from the hot
end to the cold end) via a central hollow region and (ii)
condensate flow (from the cold end to the hot end) through the
wick structure by capillarity. In the midsection, both vapor and
condensate flow counter-currently, separated by the free surface
interface caused by surface-tension fluid forces. The design
objective of a heat pipe is to lower the operating temperature of
the component attached to the evaporator end by permitting the
transportation of heat along the heat pipe and heat rejection at
the condenser end.

The overall heat spreading of a generic tubular capillary-
driven heat pipe (Figure 1) is strongly dependent on the design - =
of the wick structure. Thus far, various wicking media have been Received: January 24, 2024 LANGMUIR
developed and commercialized. They include sintered pow- Revised:  March 27, 2024
ders,” grooves,5 and screen meshes.’ Among these wick Accepted:  March 27, 2024
structures, copper powders that are sintered onto the inner Published: April 8, 2024
surface of a tubular copper envelope are predominant (Figure
1). This is largely due to the following advantages: (i) high

n

A-A cross-section Microstructure

Envelope

thermal conductivity and low thermal resistance that allow for
good heat transfer between both hot and cold ends,” (ii) high
capillary pressure that can overcome the viscous and gravita-
tional forces that opposes the condensate flow in the wick,® (iii)
good mechanical strength and durability due to the formation of
strong metallic bonds between powder particles,” and (iv) easy
customization of the wick topology by heating and compressing
copper metal powders with various powder grain sizes, sintering
temperature, and pressure.'”'" The wick structure (i.e., shape
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and thickness) can, therefore, be controlled, using different
forms and sizes, to fit the spatial requirements of various heat
pipe applications.”"

For commercially available capillary-driven heat pipes with
sintered copper powder wicks (Table S1), the total length (L)
ranges from 20 to 305 mm while the exterior diameter (D,)
varies from 3.0 mm up to 12.7 mm. Furthermore, their total
weight spans from 4 to 120 g. The envelope functions as a
pressure chamber where the internal pressure of the heat pipe is
set to be a near vacuum. Therefore, a minimum thickness of a
given envelope (§,) is required to sustain a negative pressure
differential between the inside and outside of the envelope. The
internal pressure is determined by the operating temperature of
the evaporator to which a heat source is externally attached. The
external pressure is largely ambient pressure. Geometric,
capillaric, and fluidic parameters of typical sintered copper
powder wicks for heat pipes are collated in Table S2.

Miniaturized electronics such as (smartphones and tablets)
require compact devices for thermal management; conse-
quently, a “vltrathin heat pipe (UTHP)” that has a thickness
of <2.0 mm provides thermal dissipation for space-limited
electronics.”>~"> UTHP’s are usually flattened circular section
sintered copper powder heat pipes or thin wick sheet
sandwiched between two metallic sheets.

In addition, biporous wick topologies have been employed to
further enhance the heat spreading of heat pipes that are
characterized by two distinctive lengths, whereby the smaller
length scale provides sufficient ca?illary force and the larger
reduces liquid hydraulic resistance.””'® Highly porous metallic
foams consisting of stochastic open pores are an example of
biporous media. The metallic foam pores can be as small as 40
um, which enhances capillary forces while the high porosity
corresponds to high permeability, and hence increase capillary
pumping.”'® Zhou et al.'® observed that a copper metallic foam
with smaller pore wick structures provide a much larger capillary
force to drive the cycle of the working fluid. Therefore, the
copper foam, as a wick structure, achieved enhanced thermal
performance by decreasing the thermal resistance.

For portable and aerospace applications, lightweighting is one
of the important design constraints.'”*° For this purpose,
simultaneously thinning the envelope wall thickness (5, in
Figure 1) and making the wick structure highly porous (6, in
Figure 1) are approaches that can be used. Since the heat pipe is
reliant on capillarity, alternative lightweight wick structures (i)
need to ensure adequate capillary pumping in the wick and (ii)
provide mechanical strength and stiffness to withstand external
pressure applied to the envelope. In this article, we advance a
capillary-driven heat pipe design by demonstrating the function
of an ultrathin envelope with an integrally manufactured high
porosity wick structure, to achieve lightweighting and improved
thermal transport capacity.

B DESIGN AND FABRICATION OF
ULTRALIGHTWEIGHT CAPILLARY-DRIVEN HEAT
PIPES

Prior to designing a lightweight envelope, two distinct failure
mechanisms of the envelope need to be understood: (i) buckling
during idling (i.e., without any thermal loads) and (ii) yielding
during heat piping. During idling, the external surfaces of the
envelope are under uniform ambient static pressure, while the
internal pressure is nearly a vacuum. Thus, the compressive load
causes the envelope to buckle.”' On the other hand, during heat
piping, vaporization of a working fluid at the evaporator
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increases the internal pressure, exceeding the external (ambient)
pressure and thus yielding or rupture of the envelope is
possible.”” In the design of the ultralightweight capillary-driven
heat pipe, the envelope thickness was based on the classical
buckling mode theories (Section S1 in the Supporting
Information), to give a conservative estimate. Here, two
prototypes, e.g., D, = 5.07 mm and 6.08 mm, were fabricated,
and the thickness (8,) for electroless plating was selected to be
01 = 35 pm and 40 pm respectively, as summarized in Table 1.
The integrally plated wicking media and envelope provided
additional mechanical strength to support the envelope wall
from buckling.

We have sequentially formed the envelope and wick structure
via electroless plating, following three broad steps: (i) preparing
for a polymer (PMMA) interior template, electroless plating to
form the envelope, etching out the interior template, and
electroless plating of the porous wick layer onto internal
envelope surfaces (Figure 2a), (ii) blackening for hydrophilicity
(Figure 2b), and (iii) charging a working fluid (DI water)
followed by evacuation and sealing (Figure 2c).

The fabrication of a copper envelope via electroless plating
involves the deposition of a metallic impermeable layer
conformally on a cylindrical polymer template, as shown by
Figure 2a. Since the conventional electroless copper plating was
developed for a printed circuit board for electronic circuits,
etching-out the polymer substrate has rarely been considered. A
poly(methyl methacrylate) (PMMA) template synthesized by a
cold mounting resin is known to be compatible with copper and
easily etched out by dipping in acetone.” Furthermore, PMMA
is relatively resistant to temperature changes, compared to other
polymers, and exhibits only slight shrinkage and change in shape
during curing; thus, it was adopted in this study due to its
inherent dimensional stability.

Two PMMA rods with differing diameters of Dpygs = 5.0 and
6.0 mm were prepared. Copper electroless plating on these
PMMA templates was carried out under two separate
conditions: (i) first plating, which involved low-speed plating
at low temperature (40 °C), and (ii) second plating, which
involved high-speed plating at high temperature (70 °C). The
first plating is to ensure the deposition of a copper layer at the
rate of 1.0 um/h with a pH of 13.8 for the coating solution, Cu**
+2HCHO + 40H™ while the second plating is to accelerate the
deposition at 5.0 ym/h by the coating solution with a pH of 12.3.
After the first plating, the template was etched out, resulting in a
thin copper tube. Subsequently, the second plating deposits
faster growing copper layers on both the inner and outer surfaces
of the copper tube (Figure 2a). The desired thickness of the
electroless plated layers to form an envelope is achieved as
estimated by eq (S1) in the Supporting Information.

In a capillary-driven heat pipe, the capillarity of a given wick
structure drives the condensate back to the evaporator. Hence,
the wick must provide sufficient pumping via capillary force
through the porous structure.'® First, on the inner surface of the
envelope fabricated via electroless plating, another stage of
electroless plating is implemented to generate a porous layer as a
wick structure. The basic process is the same as that for the first
plating. The only difference is to add a surfactant to the plating
solution to generate hydrogen (H,) bubbles and to simulta-
neously keep them within the plated layer being deposited.
These bubbles eventually disappear, leaving the voids in the
deposited layer, which finally forms an open-cell porous layer.

The porous copper layer created by electroless plating is
hydrophobic to deionized (DI) water.”* Therefore, it is
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Table 1. Parameters of the Ultralightweight Capillary-Driven
Heat Pipes (uHPs) with Envelopes and Wicks Fabricated via
Electroless Plating®

Nomenclature
uHP Design 1 uHP Design 2
Envelope Exterior diameter, D. | 5.07 6.08
(mm)
Length, L (mm) 100 100
Thickness, o1 (4m) ~35 ~40
Weight (g) 0.496" 0.680"
Wick Thickness, d2 (um) ~ 100 ~100
Porosity, ¢ ~0.785 ~0.785
Weight (g) 0.296 0.357
Average weight of envelope + wick (g) 0.792 (0.95 measured) | 1.037 (1.6 measured)
DI water ‘ Weight (g) 0.5 (measured) 0.7 (measured)
Average total weight (envelope + wick + | 1.292 (1.45 measured) | 1.737 (2.3 measured)
water) (g)
Filling ratio | ~25.9% ~25.1%
(Measured data)
Werw (kg) e,
De (mm) | Specimen (mm) (V];g)x 106 | (envelope + (I;g/m(;/V e)/Ve (Weswrwater)/ Ve
wick) (kg/m’)
#1 0.0009 4585
#2 0.0010 509.3
#3 10 1.963 0.00075 382.1
5.07
#4 0.00088 4483
#5 0.00122 621.5
Average 0.00095 483.96 738.7
Werw (kg) p pe
De(mm) | Specimen (mm) (’;;3)>< 106 | (envelope + | (Wesw)/Ve (Werwswaer)/ Ve
wick) (kg/m?) (kg/m®)
#1 0.00181 640.3
#2 0.00141 498.8
#3 0.00172 608.4
#4 0.00164 580.1
#5 0.00164 580.1
#6 0.00176 622.7
6.08 #7 10 2.827 0.00128 452.8
#8 0.00125 4422
#9 0.00148 523.5
#10 0.00167 590.7
#11 0.00175 619.0
#12 0.00182 643.8
#13 0.00187 661.5
#14 0.00162 573.0
#15 0.00177 626.1
Average 0.00160 565.97 813.6

“The superscripted plus sign (+) indicates data estimated from the
dimensions and the density of dense copper; the asterisk symbol (*)
indicates data estimated based on the porous wick having a porosity of
0.78S.

necessary to impart hydrophilicity through chemical treatment.
To this end, blackening was performed using a mixed solution of
potassium persulfate and sodium hydroxide. The electroless-
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Figure 2. Fabrication process of an ultralightweight capillary-driven
heat pipe: (a) envelope and wick structure via electroless plating, (b)
blackening, and (c) end-capping, charging, evacuation, and sealing.

plated envelope is dipped in the aqueous solution of NaOH and
K,S,05 at mixture of 7.5 g/L and 1.5 g/L, respectively for 3 h*
The blackening finally produces CuO that makes the surface
hydrophilic, on the surfaces via the following sequential
processes: > (i) Cu + 2NaOH + K,S,0;, — Cu(OH), +
Na,SO,+ K,S0,, (ii) Cu(OH), + 20H™ — Cu(OH),*, and
(iii) Cu(OH),>~ = CuO + 20H™ + H,0. In contrast to the
wick layer formed in air at a high temperature, the CuO layer
after blackening forms a unique nanostructure, such as downy
hair, which 1s a hierarchical fractal structure.” Accordmg to
Onda et al,** such a fractal surface greatly enhances hydro-
philicity.

Vacuuming the envelope, termed “evacuation” after charging
DI water, and sealing to complete the functioning heat pipe are
illustrated in Figure 2c. First, the envelope was connected to a
vacuum system via a filling copper tube. A two-stage oil sealed
rotary vane vacuum pump was used for evacuation. A digital
vacuum gauge monitored pressure inside the envelope during
evacuation. A reservoir of DI water was connected to the system
with another flexible tube. In addition, to control the amount of
DI water injected into the envelope, three bellow-sealed valves
were used to switch the mode between evacuation and charging.
The reservoir was heated and subsequently frozen by liquid
nitrogen to prevent or minimize a noncondensable gas (NCG)
from being dissolved back in DI water. This process was
repeated at least twice to minimize the NCG. Subsequently, the
precleaned heat pipe envelope was connected to the system and
evacuated at the absolute pressure of 2.1 Pa (near vacuum state).
The reservoir was then reversed by bending the flexible tube to
charge DI water to the envelope, resulting from pressure
difference and gravity. The filling tube was then clamped before
the heat pipe was removed from the system (Figure 2c). Finally,
degassing was conducted by heating up the specimen from the
bottom to let any remaining NCG be gathered upward in the
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lower part of the filling tube, which was subsequently sealed by a
cold-welding die. The charged DI water content was measured
to be ~0.5 and 0.7 g for the specimen of D, = 5.07 mm and D, =
6.08 mm, respectively.

B EXPERIMENT AND RESULTS

Capillarity Test Setup. Capillary rise is a measure of
capillary pumping for a given wick structure, an important
parameter that needs to be considered during the selection
process of the wick material/structure. To characterize this, we
measured the capillary rise (1) of both the wick fabricated by the
electroless plating and blackening, and the original equipment
manufacturer (OEM) sintered Cu powder wick (as a reference).

Following a method detailed by Tang et al,,”” we constructed
a test setup as illustrated in Figure 3a, which includes a cantilever

Cantilever t.=60s  [P97K
[ ]
—
Linear
traverse
support
Specimen
z
I gl | |Reservior . m 292K
I ] (i) (i)
(a) (b)

Figure 3. Capillary pumping measurement. (a) Schematic of the test
setup for measuring capillary rise (h), (b) capillary rise of both (i) an
electroless-plated wick (/) and (ii) an OEM-sintered Cu powder wick
(h,), captured by a precalibrated infrared (IR) camera where L = 90
mm.

that holds both the wick specimen and a reservoir containing DI
water as the working liquid. The cantilever is vertically
traversable along the z-axis, coinciding with the gravitational
(g)-axis. The present wick specimen was prepared with
dimensions of H = 8.0 X W = 8.0 X L = 90.0 mm. The OEM
cylindrical heat pipe was cut in half by an electrical discharge
machine to prepare the reference wick specimen. The height of
the cantilever was set for both wicks to be submerged into the DI
water, while the precalibrated infrared (IR) camera recorded
temperature variation along the span of each wick specimen at
the rate of 0.2 Hz (i.e., 1 frame per S s), as shown by Figure 3b.
The absorbed DI water acts to alter the infrared emissivity
difference between the wick structure and working liquid,
yielding a temperature drop.””~*” Thus, the capillary rise ()
was determined as a function of time.

Thermal Characterization Test Setup. Thermal charac-
terization of the heat pipes was carried out using a purposely
built test rig, illustrated in Figure 4. The test rig consists of a heat
pipe specimen, five uniformly distributed cartridge heaters
(Model CSS-10120/120, Omega, Inc.) that simulate the
external heat source (Q,,) input at the evaporator end, a
liquid-cooling unit for a condenser end, an AC power supply, an
infrared (IR) camera (FLIR E8), K-type film thermocouples
(Model SAIXL-K-120, Omega, Inc.), and a data acquisition unit
(34872A LXI Data Acquisition/Switch Unit, Keysight). Each
heat pipe was positioned vertically by a copper heating base
block (with external dimensions of 30 mm (along the s-axis in
Figure 4) X 20 mm X 20 mm). At the center of the heating base
block, a hole of D,, which is the exterior diameter of each uHP
specimen, was drilled. An IR viewing slot and S holes for the
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Radiator

IR viewing slot
Heat pipe

© AC power supply

Cartridge heaters
Heating base block
Thermalinsulation

Pressing piece
IR viewing slot

Bottom View e Heat pipe
Screw—l=r oS- Cartridge heaters

Figure 4. Schematic of the test setup for measuring thermal spreading
capacity where @ = 0° and 90° indicate that the specimen functions as a
heat pipe and a thermosyphon, respectively.

cartridge heaters connected in parallel were also machined as
shown in Figure 4. An input power to the cartridge heaters was
regulated from 5.0 to 40.0 W, using the AC power supply. In this
setup, the vapor generated in the evaporator convects upward
and the condensate moves downward along the capillary passage
configured along the inner envelope surfaces.

Thermal grease (with a thermal conductivity of k > 1.93 W/
(m K); Model JC-500, Joycool, Inc.) was used between the heat
pipe and heating base block to minimize contact thermal
resistance. To further ensure a good contact, two pressing pieces
with screw bolts were devised, as shown in Figure 4. The
multiple layers of thermal insulation (photopolymer resin) tape
(Formlabs, Inc.) covered the entire heating base block to reduce
heat loss. A commercial liquid-cooling unit (Redbit 240) was
used to provide thermal rejection at the condenser section to the
environment under ambient conditions. The whole setup was
supported by a rotation system that allows the heat piping axis
(the s-axis) to be changed with respect to the gravitational g-axis,
whose angle is denoted by @ (measured in degrees). Here, & = 0°
indicates that the test specimen is positioned horizontally,
functioning as a heat pipe, whereas at @ = 90°, the heat pipe
orientation is coincident with the gravitational axis, and the
thermal spreading takes place vertically from the bottom
evaporator to the top condenser, thus functioning as a
thermosyphon.

Measurement Uncertainties. To evaluate heat spreading
by both heat pipes, the temperature distribution along the
respective heat pipes’ span (i.e., the s-axis) was measured using
an IR camera. Prior to measurement, the IR camera was
calibrated against data obtained from film thermocouples
attached on a heat pipe surface at selected locations. Temper-
ature values from both IR camera and film thermocouples were
correlated linearly (eq 1) for a wide range of heat inputs to
cartridge heaters attached to heat pipe, as

T [°C] = 0.99T;, — 0.54 (1)

Thermal resistance (Ry) is widely used to characterize and
compare the performance of heat pipes; it is defined as
.- T

R, =
T q, )
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where T, and T, are the average temperature of the evaporator
and condenser, respectively, and Q, is the total heat emitted by a
heat source (or input heat). With a heater simulating such a heat
source, Qy, is typically calculated as

V2

R (3)

where V and R are separately the voltage supplied to heaters and
electrical parallel resistance.

Measurement uncertainties were estimated using a method
detailed in ref 30 as follows. If y = f (x, %, .., ,), then the
uncertainty propagated by x; in the variable y is given by

J 2 2 2
(o ) 0
Ay = —yAxl + —ysz +.+ —yAxn
Ox, Ox, ox, (4)

where Aux; is the absolute uncertainty in x;. Equation 4 was used
to estimate the uncertainty of thermal resistance (R,) that was
associated with wall temperatures measured by the IR camera at
both the evaporator and condenser ends (i.e., T, and T.) whose
accuracy and resolution are +2.0% and 0.1 °C, respectively. The
uncertainty of thermal resistance was calculated to be within
+8.6%, governed predominantly by the surface temperatures.

Qin

B DISCUSSION OF RESULTS

Microstructures and Capillarity. In this study, we
evaluated the structural and thermal transport performance of
a novel ultralight capillary-driven heat pipe (uHP). For
reference, we have compared our heat pipe to a commercially
available original equipment manufacturer (OEM) heat pipe
that is wicked by sintered Cu powders.

We have fabricated, in total, 20 uHPs: S specimens with an
exterior diameter of D, = 5.07 mm and 15 specimens with an
exterior diameter of D, = 6.08 mm, as shown in Table 1. In the
following analysis, the data measured from a representative
specimen of D, = 6.08 mm are mainly presented. The uHP
features an envelope and wick structure that are ultra-
lightweighted by electroless plating (Figure S). The envelope

Microstructure
Wick Envelope
Interface

4 “v‘t’ {"

Ultra-li

heat pipe
C

. v g
_Mid-section) 4 1. 1

Evaporator]

5 S Bl

— >
Cross-section & 6~40um

Figure 5. Configuration and microstructure of a prototype ultralight
capillary-driven heat pipe (uHP) for D, ~ 6.08 mm, L = 100 mm, &, =
40 pm, and § , = 100 um.

has an impermeable wall with a mean thickness of 40 pm,
functioning as a vacuum chamber whose absolute internal
pressure is set and measured to be ~2.1 Pa. The inner surfaces
are deposited with a 100-um-thick porous layer to facilitate
capillary-driven flow of the condensate through the porous wick
structure during heat piping.

The microstructure of a raw copper wick fabricated via
electroless plating prior to blackening (Figure 6a) is hydro-
phobic.”* For example, sequential images by a high-speed
camera show that a drop of DI water falling onto the
unblackened wick layer clearly exhibits hydrophobicity, since
the drop free falls normal to the surface, impacts the surface, and
then bounces back, but immediately returns to sit on the

8198

unwetted wick surface, where the contact angle is estimated to be
0 ~ 72°. On the other hand, after blackening (Figure 6b), the
free-falling water drop is absorbed by and spread within the
porous wick layer in its immediate contact due to super-
hydrophilicity.

Good heat spreading that is achieved by any capillary-driven
heat pipe is attributed to effective capillary pumping by a wick
structure. Thus, the pumping effectiveness of the wick can be
characterized by the capillary rise. Here, the capillary pumping of
the electroless-plated porous wick layer was tested using a setup
shown in Figure 3. Results are compared with the OEM-sintered
Cu powder wick. Temperature distributions along the length of
the electroless-plated wick (s/L) at selected time frames,
extracted from IR images are plotted in Figure 7a. The absorbed
DI water by capillary forces decreases the temperature of the wet
wick section, as indicated by the lowered temperature on the IR
images. We define capillary rise (h(t)) as the point when the
wick temperature begins to drop, as indicated in Figure 7a.

The capillary rise (h) at a given moment is plotted in Figure 7b
showing that the capillary rise for the two test specimens (i.e.,
uHP and OEM) behaves in a similar manner. Based on the
measured capillary rise in time (¢) recorded, its rate (i.e., dh(t)/
dt) was calculated as included. There is an initial steep rise.
Thereafter, an asymptotic decrease in the rate of the capillary
rise follows. This common behavior is attributed to the capillary
pressure (AP, = 20 cos 0/r) during the capillary rise that is
associated with pressure drop and friction forces, governed as

) _ Aﬁ(;]
dt ue | h(t) (8)

where 6, , and p are the surface tension, viscosity, and density of
the working fluid (DI water), respectively; g is the gravitational
acceleration; and K, ¢, 6, and r are the permeability, porosity,
contact angle, and effective radius of a given porous wick,
respectively.”’ Similar capillary pumping is achieved by the
porous wick layer fabricated via electroless plating and an OEM-
sintered Cu powder wick, in the present setup.

In eq S, thermophysical parameters such as p and y are fixed
for a given working fluid i.e, DI water and the topology-
dependent parameter K/ & for both wick structures are defined.
Given that the prior estimation of the porosity (&) for the uHP
wick being roughly &,4p = 0.785 (Section S2 in the Supporting
Information), the capillary pressure (AP,) and permeability
(K,up) may be separately estimated by fitting the experimental
data with the exact solution” for eq 5,

_ Ky
ue

h(t) = 21 + W(—e P
(t) ﬂ[ + W(-e )] ©

where o and f are given as

_ PK 20K cos 6

a
HE HEr
Kgp
p=—=
e

and W(z) is the Lambert W function, z = W(z)e"®). Here, zis a
dummy variable. Results are also included in Figure 7b and are
summarized in Table 2. In comparison to the tested OEM-
sintered powder wick structure, the uHP wick provides 20%
higher resultant capillary pressure with 25% lower permeability
and 67% higher porosity. Collectively, the wick structure of the
uHP functions to reach 20% higher Jurin’s height, which is the
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(@) (b)

Figure 6. Wettability tests comparing the wick surface treatments: (a) unblackened, raw copper wick with hydrophobic droplet formation and a
contact angle that was measured to be @ ~ 72°%; and (b) superhydrophilicity (& — 0°) of a porous wick layer after blackening.
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Figure 7. Capillarity, shown by (a) the determination of capillary rise from measured IR images and (b) determination of capillary rise (h(t)) and its
rate (dh(t)/dt along the blackened porous wick layer at a = 90° and comparison with an OEM sintered copper powder wick structure.

limit of capillary rise for a given tube diameter, and thus at least Heat Spreading. The variation of the surface temperature
along any given heat pipe is indicative of a heat spreading
capability. An effective heat pipe (i) minimizes thermal
wick is expected. resistance (Ry = (T, — T.)/Q,,)) for a minimal temperature

equivalent heat spreading to the OEM’s sintered copper powder
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Table 2. Capillaric and Topological Parameters of the uHP
and OEM Wick Structures, Estimated by Fitting the
Measurement Data in Figure 5d By Using eq 6

p of DI water p of DI
AP, [Pa] K* [m?] [kg/m?] water [Pa s] €
OEM 100130  3.89 x 107" 0.470
u 998.2 0.001
uHP 1190.02 293 X 10 0.785

“K for sintered copper powders: 4.75 X 10712—1.65 x 1071° m2**73¢

drop between evaporator and condenser, and (ii) reduces the
operating temperature of the evaporator (T.) for a given heat
input (Q,,). Here, T. is the condenser temperature. Thus, the
characteristics of a uniform-like temperature distribution along
the span of a heat pipe and a low evaporator temperature when
heated are desired.”’

Figure 8a displays how heat is spread through both uHP and
OEM specimens from the evaporator to the condenser for four
selected input heat values of Q;, = 10, 20, 30, and 40 W at @ =
90°, functioning as a thermosyphon. Here, the OEM heat pipe is
wicked by sintered Cu powders with L = 90 mm, D, = 6.0 mm, D;
=4.9 mm, §, = 0.66 mm, and a water content of 0.53 g. In both
specimens, the vapor that is generated in the evaporator flows
upward, and the condensate at the condenser moves downward
by gravitational acceleration. The one-to-one comparison with
the prototype uHP is made by measurement of the surface
temperature with respect to ambient temperature (T - Ty),
varying along the span (s/L) where s/L = 0.0 and 1.0 denote the
evaporator and condenser ends, respectively. For the OEM heat
pipe, the surface temperature at each section (evaporator (E),
midsection (M-E), and condenser (C)) is roughly constant yet
drops at the intermediate sections between the evaporator and

the midsection (s/L = 0.2), and the midsection and the
condenser (s/L = 0.8). On the other hand, the temperature drop
for the uHP is greater than the OEM heat pipe. The temperature
variation in 0.2 < s/L < 0.8 is largely constant having similar
values. Specifically at Q;, = 5.0 W, the surface temperature of the
uHP decreases steeply away from the end-cap of the evaporator.
Opverall, both heat pipes operate at similar temperatures.

Now, both specimens are positioned horizontally (i.e., @ = 0°)
and function as heat pipes. Unlike the foregoing case, the
condensate returns to the evaporator through the wick structure
by capillary pumping, without assistance from gravitational
acceleration. The one-to-one comparison of overall heat
spreading is plotted in Figure 8b for the four selected heat
input values. The spanwise temperature distribution is
qualitatively similar to that in Figure 8a. However, Figure 8b
shows that the uHP operates at substantially lower temperatures
than the OEM heat pipe, e.g., ~25% lower at 30 and 40 W over
its entire span during heat piping; thus, the electrical component
attached to the evaporator end maintains a lower temperature.

The heat spreading of the uHP is further characterized in the
heat input range of 5.0 W < Q;, < 45.0 W. To this end, the
thermal resistance (Ry) is used for a given heat input, with lower
values indicating favorable spreading performance. Figure 8c
compares the thermal resistance between the uHP and the
OEM, with two separate datasets to demonstrate the improved
thermal performance of the uHP. Here, one set was obtained
using a purchased OEM heat pipe wicked by sintered Cu
powders that was tested using a custom-built experimental
setup. The other data were from refs 27,37—40, who tested
tubular heat pipes with sintered Cu powders, having similar
dimensions to the present OEM heat pipe. Comparison between
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Figure 8. Thermal analysis and comparison: (a) Temperature distributions along the exterior surface of the uHP and OEM heat pipe specimens
functioning as a thermosyphon (& = 90°) with a water-cooling unit attached at their tip where E, M-S, and C stand for evaporator, midsection, and
condenser, respectively, (b) Temperature distributions along the exterior surface of both the uHP and OEM heat pipe specimens functioning as a heat
pipe (a = 0°), (c) thermal resistance (Ry) varying with heat input (Q,,), (d) evaporator temperature (T, — T,,) varying with heat input (Q;,).
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the two OEM heat pipes shows agreement in the considered
heat input range, providing a thermal resistance (Ry) of ~0.7 K/
W, thus further demonstrating the credibility of the
experimental setup.

The results of Figure 8c also show that the thermal resistance
of the uHP decreases steeply from 2.5 K/W to 0.7 K/W within a
heat input range from 5.0 W to 25.0 W. As the heat input is
further increased up to Q;, = 45.0 W, the thermal resistance
approaches an asymptotic value of ~0.7 K/W. Thus, the heat
spreading by the uHP becomes equivalent to the OEM heat pipe
in the range of heat inputs (25.0 W < Q,, < 45.0 W). The
equivalent heat spreading by the uHP resulted from the effective
condensate pumping caused by the blackened porous wick that
is fabricated via electroless plating.

As a result of heat spreading along a heat pipe and heat
rejection at the condenser end, the operating temperature of a
given heat source (e.g, electronic chip) or the evaporator
temperature of a given heat pipe is reduced. Therefore, the
operating temperature of the evaporator may be another
measure of the thermal characteristics of a given cooling unit,
typically consisting of, e.g., a heat pipe, a liquid circulation pump,
fins, and a fan. Under identical cooling and operating conditions,
the evaporator temperature of both heat pipes in (T, — T,) is
compared in Figure 8d at 5.0 W < Q;, < 45.0. For both
specimens, the evaporator temperature increases monotonically
as the input heat increases. The uHP provides similar
temperatures to the OEM heat pipe at the low heat input
range (5.0 W < Q;, < 25.0), and no apparent degradation of the
cooling performance of the uHP is observed due to the
orientation (i.e., functioning either as a thermosyphon (& = 90°)
or a heat pipe (@ = 0°)). The OEM heat pipe exhibited an ~25%
increase in the evaporator temperature when working as the
horizontal heat pipe, compared to that of a thermosyphon in the
entire range of the heat input considered. In comparison, at Q;, >
25 W, the evaporator temperature (T, — T,,) of the uHP is
~25% lower than that of the OEM heat pipe, thus demonstrating
that the uHP has enhanced thermal rejection that facilitated
lower evaporator operating temperatures.

Thermal Analysis. A question naturally arises as to why the
uHP’s evaporator operates at a 25% lower temperature than the
OEM at Qy, > 25 W, despite a slightly higher thermal resistance
(Rgis ~12.7% higher) in Figure 8c and similar charged DI water
mass (~0.5 g). To squarely address this question, an energy
balance analysis was performed to understand the relationship
that which exists between the operating temperature of the
evaporator (T,) and heat loss (Qy,) Where the input heating
power (Q,,) for the uHP and OEM are equivalent.

We consider a generic capillary-driven heat pipe (illustrated in
Figure 9), which has a heating power input (Q,) at the
evaporator end, with an average temperature T,). In the
midsection, there is heat loss (Qy,;) through the envelope wall to
the surroundings under ambient conditions (heat transfer
occurs through the heat pipe wall to the surroundings). The
condenser end has an average temperature (T,.) where heat is
removed (Q,,) via convective cooling, and U is the overall

Qin Qloss Qout
Y¥¥ uA
| L T
Evaporator Mid-Section Condenser

Figure 9. Schematic of a heat pipe that shows the evaporator operating
temperature and the respective heat flows into and out of the heat pipe.
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convective heat transfer (W/(m”K)) and A is the heat-transfer
area (m*). The objective is to demonstrate with energy balance
considerations how the operating temperature of the evaporator
(T.) is related to the heat loss (Qyo) through the midsection
wall. Note that, in the conventional thermodynamic analysis for
capillary-driven heat pipes, the heat loss is typically assumed to
be negligible as being adiabatic (i.e., Qs = 0).

Using the conservation of energy, the input power (Q,) is
equal to the sum of heat loss (Qy,,) and heat rejected (Q,)
from the condenser end as

Qin = Qout + Qloss (7)

The input heating power (Q,,) is also related to the overall

thermal resistance (Ry) across the evaporator and the condenser,
by definition, as
T -T

Re — € C

Qi (8)

The heat rejected at the condenser end is determined by heat
transfer to the surroundings at ambient temperature (T,),
where U is the overall heat-transfer coefficient and A is the heat-
transfer area. expressed as

(T, - T)

=>Q =
mn RH

Qo = VAT, — T) 9)
Substitution of eqs 8 and 9 into eq 7 yields
T, — 1T
M = UA(Tc - Too) + Qloss
Ry (10)

Further simplifying and rearranging eq 10 for the evaporator
temperature (T,) leads to

T.= (1 + RUA)T, - RUAT, + R,Q,, an

From eq 8, the condenser temperature (T.) is found to be

L-T
Rpy=——=>T=T-RQ,
in (12)
Substitution of eq 12 into eq 11 gives

T, = (1 + RYUA)(T, — RyQ, ) — RyUAT, + RyQ,,,
(13)

Equation 13 can be reduced to,

in Qloss
UA UA

The final expression (eq 14) explicitly indicates that, for given
heat input through the evaporator end (Q,,) and heat rejection
at the condenser end (UA) of a heat pipe, both thermal
resistance along the heat pipe span (Ry) and heat loss through
the midsection surface (Qy) determine the evaporator’s
operating temperature, T,. Specifically, lowered Ry acts to
decrease T, whereas the increased Q). results in a decrease in
T..

On the other hand, the uHP has a slightly higher thermal
resistance than the OEM, which may cause an adverse effect,
acting to increase T,. However, despite the marginally higher
thermal resistance, our energy balance-based analysis (eq 14)
implies that higher heat loss through the uHP’s ultrathin
envelope wall may cause the reduced evaporator operating
temperature, among other possible contributing factors, which
could not be stipulated at present. Specifically, the heat loss
across the envelope wall is a consequence of the condensate

T =

€

+RQ, + T, — (14
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temperature in the midsection being above the surrounding
temperature (T, ), which allows heat transfer from the heat pipe
to the surroundings to take place. The uHP can further enhance
the heat transfer compared to the OEM heat pipe due to the
ultralightweighted construction. The electroless plating creates
an integrally connected wick (5, & 100 gm) and ultrathin
envelope (5, & 40 yum) that minimizes contact resistance
between the wick ligaments and the inner surface of the
envelope. In addition, the high porosity open cellular wick
improves condensate mixing and increases the internal heat
transfer surface area to enhance heat transfer from the
condensate. Furthermore, based on the similar permeability
for both heat pipes estimated (Table 2), pressure drop across
both wick structures could be assumed to be similar. For the
same amount of condensate flowing through each wick
structure, the Reynolds number of condensate in the uHP
could be estimated to be substantially higher (i.e., ~20 times
thinner wick yet ~2 times higher porosity, leading to ~10 times
smaller condensate flow area in the uHP wick). Thus,
collectively, the uHP via the ultrathin envelope wall can further
enhance the heat loss (Q,,), compared to the OEM heat pipe,
yielding the observed ~25% lower evaporator temperature,
despite the observed slightly higher thermal resistance.

Lightweighting. Demands for advanced heat pipes may be
classified into three categories: (a) maximizing heat spreading,
consequently reducing the operating temperature of attached
electronic components; (b) compacting (reducing volume);
and (c) lightweighting. For mobile applications, both compact-
ing and lightweighting are desired with a possible improvement
in heat spreading.”

The total weight of a given capillary-driven heat pipe is
constituted by the weight of three components (envelope, wick
structure, and working fluid). For both uHP and OEM heat
pipes having similar exterior dimensions with a similar amount
of the charged DI water (~0.5 g), ultralightweighting the heat
pipe is achieved by the ultrathin-walled envelope and wick.
Figure 10 depicts that the effective density (p.) of OEM heat
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Figure 10. Effective density (p,) as a measure of lightweighting, varying

with the exterior diameter of capillary-driven heat pipes (D,) and
comparison with OEM heat pipes (Table S1).

pipes is decreased from ~4500 kg/m? as their exterior diameter
is increased from D, = 3.0 mm to D, = 8.0 mm (p, ~ 2100 kg/
m?). After the density minima when the diameter is D, = 8.0 mm,
the density variation increases for larger diameters. Specifically,
for D, = 5.0 mm and 6.0 mm, the effective density of OEM heat
pipes is ~3450 kg/m? and 2550 kg/m® as a respective average
value with the range of 2400 kg/m* < p, < 4500 kg/m> and 2100
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kg/m3 < p. <3000 kg/rn3 in Table S1. In comparison, the two
prototype ultralight heat pipes (uHPs) with D, = 5.07 and 6.08
mm provide approximately 78% (738.7 kg/m? for the uHP with
D, = 5.07 mm) and 68% (813.6 kg/m® for the uHP with D, =
6.08 mm) demonstrate a reduced effective density, with respect
to each average value. This substantial lightweighting is made
possible by electroless plating the envelope and wick structure.

B CONCLUSIONS

We proposed an advanced capillary-driven heat pipe that was
ultralightweighted, in comparison to its most popular
commercial counterparts. This account details the process of
design, fabrication, and characterization. For ultralightweight-
ing, both envelope and wick structure were electroless plated. In
particular, the wick structure composed of a microporous layer
was superhydrophilized by blackening for improved capillary
pumping. A series of capillary and thermal characterizations have
demonstrated our groundbreaking lightweighting of a capillary-
driven heat pipe that weighs, on average, only 27% of
commercial counterparts wicked by sintered copper powders
in similar external dimensions. Furthermore, the present
ultralightweight capillary-driven heat pipe operates at 25%
lowered evaporator temperature with a slightly worse heat
spreading than the commercial counterparts.
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