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ARTICLE INFO ABSTRACT
Keywords: Capillary-driven two-phase micro-cooler is a promising thermal management solution for passive cooling in high-
Capillary-driven boiling heat-flux electronics applications. In this study, we have developed an area-scalable two-phase capillary-driven

Copper wire mesh
Copper inverse opal
Two-phase heat transfer

cooler that integrates a silicon pin array coated with copper inverse opal (CIO) wick with a copper wire mesh 3D
manifold over a5 x 5 mm? heated area and utilizes water as the working fluid. We achieved a critical heat flux of
~ 650 Wem 2, and two-phase heat transfer coefficients ~ 1 MWm ™2 °C~!. We consider three different wick
structures (a planar CIO layer, a sparse square pin array coated with CIO layer, and a dense square pin array
coated with CIO layer), three inlet flow rates of 5, 10, and 15 g(min)’l, and two types of copper wire mesh 3D
manifolds with different spacings between neighboring wire mesh layers of 550 and 650 pm, respectively. The
two-phase heat transfer at critical heat flux (CHF) for CIO wick layer on sparse and dense silicon pin array in-
creases by ~ 47% and ~ 120%, respectively, compared to that of the baseline planar CIO wick. This enhancement
in the two-phase heat flux is directly correlated to the increase in the effective (extended) silicon (wick) surface
area. Our systematic study concludes that the CHF values are limited by the wick structures rather than the
copper wire mesh 3D manifold for baseline planar CIO wick and sparse silicon pin array covered with CIO layer.
However, for the dense silicon pin fins covered with CIO layer, either the wick or the copper wire mesh manifold
could be limiting the CHF; further study of the micro-coolers with larger heated footprint is required to un-
derstand the limiting factor. Furthermore, it is found that the 3D manifold with a center-to-center wire-mesh
spacing of 550 pm (9 wire meshes) exhibit better coolant supply across the wick, showing a higher CHF,
compared to the 3D manifold with a center-to-center wire-mesh spacing of 650 pm (8 wire meshes), owing to the
larger number of parallel wire-mesh capillary pathways (9 vs. 8) and the shorter maximum lateral distance (~
275 pm vs. ~ 325 pm) from the nearest mesh to the wick. Finally, we provided a comprehensive performance
review of the capillary-based micro-coolers with and without 3D manifolding scheme to benchmark the present
work. The next generation of copper wire mesh manifold will be optimized to cover large, heated area as well as
improving the permeability of the copper wire mesh to support high two-phase heat flux.
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1. Introduction

The demand for data processing continues to grow exponentially,
driven by advancements in artificial intelligence, machine learning, and
data-intensive software applications [1,2]. This significant surge in
computational load requires innovative cooling approaches to address
the accompanying thermal management challenges for high-heat-flux
dissipation in electronics [3]. Furthermore, as the computational
power increases, by some estimates, the energy required for cooling the
data centers has increased by 30 to 40% [4], contributing significantly to
global energy consumption. Efficient thermal management solutions are
essential not only to maintain the performance and reliability of data
centers and high-performance computing systems, but also to mitigate
their environmental impacts and to contribute to global energy saving
[5].

The traditional single-phase liquid flow cooler for ultra-high-heat-
flux electronics offers excellent cooling performance, while pumping
high fluid flow rates through small passages, such as microchannels,
results in substantial pressure drops, which in turn leads to high cooling
costs and mechanical instability [6]. Two-phase cooling techniques are
emerging as promising solutions due to the high latent heat of liquid-
vapor phase change to allow for high-heat-flux dissipation, which re-
quires the minimal use of pumping power [7].

Capillary-driven boiling with microporous structures achieves ultra-
high critical heat flux (CHF) and two-phase heat transfer coefficients,
owing to the abundance of nucleation sites and near complete phase
separation between liquid and vapor [8-21]. Previous studies by Chi
et al. [15,16] served as a proof-of-concept and focuses on fundamental
aspect of capillary-boiling from very narrow (250 to 1000 pm) planar
CIO bridges, which is of little use for practical microprocessor cooling
application. In contrast, the present study and our previous works
[17-20] have attempted to scale up the narrow bridge for capillary-
driven boiling to much larger heated areas of 5 x 5 to 20 x 20 mm?
using a capillary-based silicon and copper wire mesh 3D manifold
engineered for liquid delivery and vapor extraction (liquid-vapor phase
separation).

Nam et al. [12] reported that copper micropillars enhanced with
nanostructures achieved a critical heat flux (CHF) of ~ 160 Wem 2 with
a corresponding superheat of ~ 30 °C over 5 x 5 mm? heated area. Coso
et al. [13] demonstrated that a square silicon pin-fin array integrated
with liquid microchannels in the wick achieved capillary-driven boiling
performance with a CHF of ~ 270 Wem ™2 over 10 x 10 mm? heated
area. When the heated footprint was reduced to 2.5 x 2.5 mm?, the CHF
increased above 700 Wem ™2, which was partially attributed to more
effective liquid supply. Both above studies [12,13] do not utilize any
manifolding scheme, which explains lower CHF levels compared to the
present and past [17-20] studies that leverages a 3D manifold tech-
nologies. Without a 3D manifold, capillary-driven boiling on micro-post
or pin-fin wicks achieves CHF of 160-760 Wcm ™2 with superheats
ranging from 7 to 33 °C, with the CHF decreasing strongly as the heated
footprint increases [12,13]. With a 3D manifold, our prior work using a
copper wire mesh manifold in shallow-pool mode (thick liquid film
around the cooler) [17] or silicon microchannels in hybrid mode (single-
phase/two-phase heat transfer) [18-20] has demonstrated CHF of
218-500 Wem ™2, with superheats of 5-37 °C. The present work, which
uses a wire mesh manifold in fully capillary-driven mode with a CIO-
coated dense Si pin array, achieves CHF ~ 660 Wem ™2 with superheat
~ 6 °C over a 5 x 5 mm? heated area, representing a simultaneous
improvement in CHF and superheat over prior configurations at this
footprint. For a copper wire mesh manifold in shallow-pool, Giglio et al.
[17] immersed an AIN pin-fin wick and copper wire mesh 3D manifold
together in a thin water pool, which is more a representative of “capil-
lary-driven” boiling in “shallow pool”. In comparison, the present work
entirely relies on thin film capillary boiling and full vapor-liquid phase
separation resulting in 10x thermal resistance from 0.1 [17] to 0.01
cm?CW ™! and ~ 30% increase in CHF from 400 [17] to 750 Wem ™2, In
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Fig. 1. Concept of a capillary-driven two-phase liquid cooler in this study. The
inset provides a detailed view of the boiling process, illustrating how the liquid
meniscus bridges between the bottom of the wire meshes and the top surface of
CIO wick.

our previous research [18-20], we used a capillary-based silicon
microchannel array 3D manifold to provide the liquid over the micro-
porous wick. The silicon 3D manifold [18-20] operated in a hybrid
single-phase/capillary-driven two-phase regime where heat is removed
by either single-phase convection or capillary-driven boiling to sustain
high heat flux, depending on the supplied inlet flow rate. The silicon 3D
manifold is compact, but it is more expensive to fabricate, even though
its thermal performance is nearly comparable to that of the copper wire
mesh 3D manifold considered in this study. Furthermore, the copper
wire mesh manifold is fabricated using commercially available #100
mesh, copper spacers, UV laser ablation, and sintering process, all less
expensive and more scalable than the photolithography and deep
reactive-ion etching required for silicon microchannel manifold fabri-
cation. The techno-economic analysis by Dede et al. [22] estimates ~
$66 per hybrid Si-cold-plate/Cu-mesh-manifold cooler versus ~ $129
per all-Si cooler. Sudhakar et al. [14] presented a capillary-fed two-layer
evaporator (10 x 10 mm?) with wicking posts and vapor vents to
separate liquid and vapor flow paths in a vapor chamber, but copper
sintering occurs at very high temperatures (800 °C) and thus this
approach is not suitable for direct integration to the backside of the
microprocessor. The present work uses electroplating at room temper-
ature to form CIO structures over the silicon pin fins achieving 5 x
reduction in thermal resistance, from 0.05 [14] to 0.01 cm2°CW’1, and a
30% increase in CHF from 500 [14] to 650 Wem ™2,

In summary, the present work builds upon previous works [15-20]
by implementing a capillary-driven liquid delivery platform using
vertically aligned copper wire mesh 3D manifold that provides passive
and spatially distributes liquid supply across the wick surface and over
large-heated areas. Moreover, we integrate the CIO wick onto an
augmented silicon pin-fin array, which enhances nucleation site density,
improves vapor venting, and consequently increases CHF. Together,
these advancements yield a pumpless two-phase cooling architecture
with excellent thermal performance, facilitated by enhanced liquid
supply to the heated area during phase change. In contrast to our prior
work, the present study uniquely combines electroplated CIO con-
formally grown over silicon micro-pin arrays, a wick architecture not
employed in Ref. [17] (AIN pin fins without CIO) or in Ref. [23] (bare
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silicon pin fins without CIO), with a copper wire mesh 3D manifold
operating in a fully capillary-driven mode rather than the hybrid
pressure-driven/capillary regime of the silicon microchannel manifolds
in Refs. [18-20]. Furthermore, both wick effective surface area (planar,
sparse pin, dense pin) and manifold mesh spacing (550 pm and 650 pm)
are systematically investigated. This combination enables an experi-
mental decoupling of wick-limited and manifold-limited CHF regimes.
We note that the present study addresses steady-state two-phase oper-
ation. The analysis of pulsating, transient, and start-up capillary-limit
phenomena is reserved for future work.

2. Cooler development, fabrication and tests
2.1. Capillary cooler concept

The cooler unit is realized by placing a copper wire mesh 3D mani-
fold, similar to the cooler developed in Ref. [17], on the top surface of a
CIO wick. No permanent bonding is required, as a narrow gap between
the bottom of polished wire mesh manifold and the conformally-grown
CIO wick surface on the polished silicon/metal film surface is connected
via a liquid meniscus, as shown in Fig. 1. The capillary flow in the copper
wire mesh manifold pulls the coolant from plenums at both sides of the
manifold and transfers the coolant toward the top surface of the CIO
wick layer via a liquid meniscus. The manifold-wick interface serves
primarily as a fluidic coupling for liquid meniscus delivery to the wick
top surface rather than as a thermal conduction path. The wire mesh
manifold itself remains near saturation temperature. This configuration
is important, as it allows for the use of various combinations of wicking
structures and manifold materials without concerns about thermo-
mechanical mismatch between the wick and the manifold [23]. The
capillary-enhanced boiling is enabled through the capillary-driven flow
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mesh 3D manifold fabrication.

within CIO wick, where the vapor eventually is extracted through the
space between the neighboring wire meshes, ensuring a complete liquid-
vapor phase separation.

2.2. Micro-cooler fabrication and assembly

Fig. 2 illustrates the fabrication of the copper wire mesh 3D mani-
fold. First, solid copper spacers (9 x 9 mm?) with holes for inserting 6
mm diameter tubes were fabricated by cutting a copper shim via UV
laser ablation. Similarly, #100 copper wire meshes were also cut to form
capillary liquid channels. The meshes and spacers were then stacked
alternatively to achieve mesh periods of 550 pm and 650 pm for the two
manifold designs, and the resulting assemblies were inserted into
stainless steel frames. The number and thickness of solid spacers were
varied to control the mesh periods. Finally, the assemblies are covered
with an stainless steel plate, pressed, and sintered under heat to form the
integrated manifold. We note that the manifold features two holes at
either end, where the two perforated PVC tubes are inserted to effec-
tively wet each wire mesh in the manifold to supply liquid to the wick on
the silicon chip cold plate via capillary suction rather than via pressur-
ized flow as with the liquid supply in single-phase cooling approaches.
This enables uniformly wetting each wire mesh in the manifold. Finally,
we mechanically polish the contact surface at the bottom of the 3D
manifold to ensure planarity, interfacing with the top surface of the
wick. Fig. 3 presents detailed optical and microscopy images of the wire-
mesh manifold from both the top view and the cross-sectional view.
Liquid is supplied through the tubes from both sides and distributed
across the stacked wire meshes and spacers, where capillary flow along
the meshes is sustained. Any excess liquid bypasses the manifold
through the gap between the tube perimeter and the plenum interface,
as no adhesive or sealing is applied. This confirms that liquid transport

faacacace " T

T O g

Fig. 3. Optical image of wire mesh 3D manifold. High-resolution optical image of the interface between the plenum and the wire mesh channel array and the
structure of the wire meshes are shown in the top and bottom images, respectively.
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Fig. 4. Silicon chip cold plate used in micro-cooler development. (a) Silicon chip fabrication process. (b) Copper inverse opal wick fabrication on the silicon chip.

(d (e)

Fig. 5. (a) Top and bottom views of silicon chips including the wick on the top and the micro-patterned heater on the bottom of the silicon chip cold plate. (b), (c),
and (d) show optical images and scanning electron microscopy images of the planar CIO wick, CIO layer on sparse square pin fin array, and CIO layer on dense square
pin fin array, respectively. (e) Cross-section view of scanning electron microscopy image of the CIO layer on dense square pin fin array.

within the manifold is capillary-driven rather than forced by the syringe
pump. The polished bottom surface of the wire mesh manifold to ensure
uniform contact with the wick. Further details of fabrication methods for
the copper wire mesh manifold are described in Ref. [17]. The capillary
characteristics of the copper mesh layers have been extensively char-
acterized by Shattique et al. [24].

Fig. 4a and b show the fabrication processes of the CIO wick inte-
grated in the silicon chip. A ~ 375-pm-thick silicon wafer with ~ 300-
nm-thick thermally grown SiO; on both sides is used to fabricate a sil-
icon chip. First, a photoresist is spin-coated, and a 5 x 5 mm? square
area is patterned. The exposed SiO; is etched using reactive-ion etching
(RIE), followed by photoresist removal in acetone. A second photoresist
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Fig. 6. Scaled illustrations that show the cooler configurations and detailed dimensions used in the thermal experiment. Wire mesh manifolds are arrayed with wire
mesh spacing ~ 550 pm on (a) planar CIO layer, (b) conformal CIO layer on sparse square pin array, and (c) conformal CIO layer on dense square pin array.
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Fig. 7. Experiment setup for thermal test. (a) Isometric view of the setup. (b) Top view of the experiment setup.

layer was spin-coated and patterned to define a micro-pin array over the
same area. Deep reactive-ion etching (DRIE) is performed to a depth of ~
75 pm, forming Si micro-pins. Photoresist residues are removed via Oy
plasma treatment, and an additional ~ 25 pm silicon etch is performed
to align the CIO top surface with the wafer surface. On the opposite side,
a platinum heater (=~ 100 nm) with a titanium adhesion layer (=~ 20 nm)
is deposited through e-beam evaporation and patterned by a conven-
tional lift-off process. The CIO fabrication process starts with sputtering
of a gold seed layer (~ 100 nm) with a titanium adhesion layer (~ 10
nm) onto the prepared silicon pin fin array chip. The identical CIO
fabrication recipe is applied to all three wick configurations (planar,
sparse pin array, and dense pin array). A commercial sulfate latex bead
solution (mean diameter ~ 5 pm) is drop-cast as a sacrificial template.
After evaporation, the settled beads are sintered at 104 °C for 100 min.
The bead template self-assembles on the local substrate prior to elec-
troplating, so the CIO pore size is governed by the bead diameter (~ 5
pm) rather than by the underlying substrate geometry, while the neck
size between adjacent pores is precisely controlled by the sintering
temperature and time in a precision oven. Consequently, the CIO
permeability and capillary radius are similar across the three configu-
rations. After applying a few droplets of ethanol over the sintered bead
layer, CIO layer is electroplated at a current density of ~ 10 mAcm ™2 in
high-speed bright copper electroplating solution. Electroplating con-
tinues until the pin-fin width at the wick edge increases by ~ 50 pm,
indirectly confirming the CIO thickness. The sacrificial latex beads are
dissolved in tetrahydrofuran, leaving a porous copper inverse opal
structure. A conformal ~ 25 pm-thick CIO layer is fabricated over the
silicon pin array, covering a 5 mm x 5 mm area to enhance boiling
performance in all samples. The permeability CIO fabricated with this
identical recipe have been directly measured by Zhang et al. [25] via
Darcy pressure-drop experiments, yielding K ~ 4 x 10712 m? for the CIO
layer specification used in this study. As shown in Fig. 5a, the silicon
chip includes the CIO wick at the top side and, at the bottom side, a
micro-fabricated mesh-type metal heater is patterned to apply a uniform
heat flux to the wick at the opposite side. The heater has four electrical
pads to supply electrical current and accurately measure the voltage
drop across the heated area. In this study, the three different CIO wicks
are prepared, as shown in Fig. 5b, ¢, and d, respectively, which indicate
the planar CIO wick, conformal CIO layer on sparse silicon square pin
array, and conformal CIO layer on dense silicon square pin array. As
shown in Fig. Se, the cross-sectional scanning electron microscopy im-
ages of the CIO layer on the dense pin-fin array reveal a highly
conformal coating.

Fig. 6 presents the configurations for the wire mesh manifold and the
three different CIO wick structures. Specifically, (a) shows a planar CIO
layer, (b) shows a conformal CIO layer on a sparse square pin array, and
(c) shows a conformal CIO layer on a dense square pin array. The il-
lustrations highlight the detailed dimensions of the microstructures, the
relative size and placement of wire meshes and pin arrays, and their
integration with the heater area (5 x 5 mm?). From the planar CIO wick

to the dense pin-fin CIO wick, the effective wick surface area increases,
thereby reducing the heat flux experienced by the CIO layer and
enabling investigation of the impact of wick geometry on boiling
performance.

2.3. Experimental procedure

To facilitate the thermofluidic experiment, as shown in Fig. 7a, a 3D-
printed resin polymer sample holder is fabricated to accommodate the
micro-cooler chip, while providing the necessary support for the chip,
the fluidic delivery, the drainage lines, as well as the electrical and
optical access from the backside of the cold plate. The manifold and cold
plate combination is carefully secured on the sample holder using sili-
cone grease to prevent coolant leakage. The capillary-driven micro-
cooler is designed for passive deployment, drawing liquid directly from
a reservoir into the wire mesh manifold by capillary suction. In the
present experiments, a syringe pump is used not as a flow driver but as a
metrological instrument. By supplying liquid at a known inlet flow rate
and measuring the drain flow rate, the two-phase mass flow utilized by
the wick for nucleate boiling is quantitatively determined. The inlet flow
does not pressurize the manifold, as evidenced by the absence of any seal
between the PVC supply tubes and the manifold plenum, allowing excess
liquid to bypass freely. A portion of the water changes its phase from
liquid to vapor, while the remaining excess water exits the 3D manifold
toward drainages, as seen in Fig. 7b. This excess water is collected
through the draining pans and is accurately measured (averaged over a
set time) using a digital scale. It should be noted that the manifold and
tube assembly are placed on top of the cold plate, with a gentle normal
force applied to the tubes to prevent lateral movement of the manifold.
No permanent bonding exists between the wire mesh and the top surface
of the CIO wick. We test wire mesh manifolds with two copper wire
mesh spacing of ~ 550 and 650 pm, which contains 9 and 8 wire meshes
arrayed over the 5 x 5 mm? heated area, respectively. An electrical
current along a resistive heater at the base of the cold plate is applied
using a power supply, and the voltage drop is measured with a multi-
meter. The total heat rate over the heated area, the multiplication of the
heater voltage drops (Vheater) and electrical current (Iheater), is divided by
this area to determine the heater heat flux, q"heater- Additionally, tem-
perature maps of the 5 x 5 mm? heater are recorded with an infrared
(IR) camera (Model: A600, Manufacturer: FLIR, and accuracy: + 2 °C).
In this work, CHF is defined as the highest steady-state heat flux at which
Tmean,base Temains stable immediately preceding thermal runaway
(Supplementary Information S1). Thermal runaway is triggered by
localized dry-out at the wick surface, which propagates over a timescale
of hundreds of milliseconds and causes the local heater temperature to
rise by several hundred °C. This rapid excursion is detected through a
sudden change in the heater electrical resistance and concurrent
appearance of a non-uniform hot-spot pattern in the IR images. The
reported CHF values in this study correspond to the last stable steady-
state data point immediately preceding this event. The uncertainty
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Fig. 8. Thermal data (q"heater VErsus Tmean,base) for cold plates with (a) planar CIO layer, (b) CIO layer on sparse silicon square pin array, and (c) CIO layer on dense
silicon square pin array. We consider three different inlet flow rates of 5 g(min)~*, 10 g(min) ', and 15 g(min)~'. The uncertainty in the heater heat flux is negligible
(=~ 1%), and the uncertainty in the mean base temperature is ~ 2.0 °C. The uncertainty analysis is presented in Supplementary Information S2. The error bars for the

heat flux and temperature are omitted as they are comparable with the size of the symbols.

Table 1
Thermal performance at near CHF for different wick configuration and flow rates using the wire mesh manifold with the mesh spacing ~ 550 pm.
Wick Ty rhdrain,CHF q"heater,CHF Tinean,base,CHF Tmean,superhea&,CHF q”Z-(p,CHF R”mean,z-q),CHF mz-q),CHF
g(min)’1 g(min)’1 Wem ™2 °C °C Wem 2 em? °CW 1 g(rnin)’1
5.00 + 0.07 3.37 £ 0.01 365.0 + 0.4 107.2 + 2.2 7.2+22 244.8 + 10.8 0.029 + 0.009 1.63 + 0.07
Planar CIO 10.00 + 0.14 8.33 £ 0.03 373.8 £ 0.4 106.0 + 2.2 6.0 £2.2 251.1 £21.7 0.024 + 0.009 1.67 +£0.14
15.00 £+ 0.21 13.34 + 0.06 370.5+ 0.4 104.1 £ 2.2 41+22 249.3 + 32.7 0.017 + 0.009 1.66 + 0.22
5.00 + 0.07 2.76 + 0.01 439.1 + 0.4 106.1 + 2.2 6.1 +22 337.6 £ 10.7 0.018 + 0.006 2.24 + 0.07
CIO on sparse pin array 10.00 + 0.14 7.62 = 0.03 481.7 +£ 0.5 106.2 + 2.2 6.2 +22 359.1 £ 21.6 0.017 + 0.006 2.38 £0.14
15.00 £+ 0.21 12.45 + 0.05 519.9 + 0.5 106.7 + 2.3 6.7 £2.3 383.3 £ 32.6 0.017 + 0.006 2.55 £ 0.22
5.00 + 0.07 1.71 £ 0.01 605.3 £ 0.6 107.1 £ 2.3 71+23 495.0 £+ 10.6 0.014 + 0.004 3.29 £ 0.07
CIO on dense pin array 10.00 + 0.14 6.53 = 0.03 644.4 + 0.6 107.0 £ 2.3 7.0+23 521.9 £ 21.5 0.013 + 0.004 3.47 £0.14
15.00 + 0.21 11.48 + 0.05 659.0 + 0.7 106.2 + 2.4 6.2+24 529.5 + 32.4 0.012 + 0.004 3.52 £ 0.22
Table 2
Thermal performance at near CHF for different wick configuration and flow rates using the wire mesh manifold with the mesh spacing ~ 650 pm.
Wick Ty TMdrain,CHF q"heater,CHF Timean,base,CHF Tmean,superheat,CHF q"2-¢,cHF R'"mean,2-,CHF 1., CHF
g(min)~! g(min)~! Wem ™2 °C °C Wem ™2 em®CwW! g(min)~!
5.00 + 0.07 3.46 £ 0.01 336.5 £ 0.3 106.5 + 2.2 6.5+22 231.6 £ 10.8 0.028 + 0.009 1.54 + 0.07
Planar CIO 10.00 + 0.14 8.38 + 0.03 364.0 + 0.4 107.9 +£ 2.2 79+22 243.3 £ 21.7 0.033 + 0.009 1.62 +0.14
15.00 + 0.21 13.52 + 0.06 3534+ 04 106.7 + 2.2 6.7 £2.2 222.4 + 32.7 0.030 + 0.011 1.48 +0.22
5.00 + 0.07 2.83 £0.01 465.7 £ 0.5 105.4 + 2.2 5.4+22 331.3 +£10.7 0.016 + 0.006 2.20 £ 0.07
CIO on sparse pin array 10.00 £+ 0.14 7.76 £+ 0.03 475.3 £ 0.5 105.9 + 2.2 59 +22 346.4 £+ 21.6 0.017 + 0.006 2.30 £ 0.14
15.00 + 0.21 12.68 + 0.05 473.7 £ 0.5 106.0 + 2.2 6.0 £2.2 348.7 £ 32.6 0.017 + 0.006 2.32 £ 0.22
5.00 + 0.07 2.21 £0.01 533.6 +£ 0.5 107.2 +£ 2.3 7.2+23 419.7 £ 10.6 0.017 + 0.005 2.79 £ 0.07
CIO on dense pin array 10.00 £+ 0.14 6.75 £+ 0.03 607.4 £ 0.6 106.9 + 2.3 6.9 +23 490.2 + 21.5 0.014 + 0.005 3.25+0.14
15.00 + 0.21 11.61 + 0.05 635.7 + 0.6 104.8 £ 2.3 48 £23 509.9 + 32.5 0.009 + 0.004 3.39 £0.22

analysis is detailed in Supplementary Information S2.
3. Results and discussions

Here we report thermal performance data (q"heater Versus Tmean,base)
for three different CIO wick types (planar CIO layer, CIO layer on sparse
square pin array, and CIO layer on dense square pin array) and three
inlet flow rates (5, 10, and 15 g/min) for the copper wire mesh manifold
with the mesh spacing of 550 pm (Section 3.1, Fig. 8) and 650 pm
(Section 3.2, Fig. 13). In each plot, my,, 115y, and two-phase heat
transfer coefficient (HTC2.,) near CHF are presented. Furthermore,

detailed data at the heat flux just prior to CHF are presented in Tables 1
and 2. To understand heat transfer in the capillary-based micro-cooler,
the 2D temperature profiles at different heat flux levels are presented in
Figs. 9 and 14 near CHF, for the copper wire mesh manifolds with the
center-to-center mesh spacing of 550 and 650 pm, respectively. In
addition, the 2D temperature profiles correspond to three distinct single-
phase, mixed single—/two-phase, and two-phase heat transfer regimes
are presented in Fig. 10.
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Fig. 9. At the heat flux level just prior to CHF, temperature profiles of the wick base of three different CIO wick configurations (each row) and supplied liquid flow
rates (5, 10, and 15 g/min) through two PVC tubes (each column) are presented for the wire mesh manifold with the center-to-center mesh spacing of 550 pm. The
boiling rate and two-phase mass flow rate utilization corresponding to the flow rate through PVC tubes are included in each plot.

3.1. Capillary-based micro-cooler using copper wire mesh manifold with
center-to-center mesh spacing of 550 ym

Fig. 8 represents nine sets of thermal performance data (q"heater
versus Tmean,base) for three different CIO wick types (planar CIO layer,
CIO layer on sparse square pin array, and CIO layer on dense square pin
array) and three inlet flow rates (5, 10, and 15 g/min) for the copper
wire mesh manifold with the mesh spacing of 550 pm. In each plot, rjy,
Ta.y, and two-phase heat transfer coefficient (HTC».y) near CHF are
presented. Furthermore, detailed data at the heat flux just prior to CHF
are presented in Table 1. To get a better understanding of the physics
and functionality of the capillary-based micro-cooler, the 2D tempera-
ture profiles at different heat flux levels are presented in Figs. 9 and 10.

In general, three distinct heat transfer regimes are observed in
thermal data, as shown in Fig. 8: (i) Single-phase heat transfer: heat is
conducted from the wick into the manifold and then removed primarily
by the leaking (draining) liquid flow across the wetted manifold (con-
vection loss). It should be noted that a small portion of the heat transfer
is attributed to heat conduction through the silicon chip to the sample
holder supporting the chip (black line in each plot). (ii) Hybrid single—/
two-phase heat transfer near saturation temperature: as the wick tem-
perature approaches the water saturation temperature, the slope in-
creases, indicating the onset of boiling in addition to the baseline heat
removal attributed to convection loss. (iii) Capillary-driven boiling:

once the average wick temperature significantly exceeds the saturation
temperature, the slope increases dramatically, consistent with a transi-
tion to nucleate-boiling-dominated two-phase heat transfer. In this
regime, capillary liquid supply from the wire-mesh manifold to the wick
surface sustains vigorous vaporization within the porous wick. Sensible
heating of the two-phase liquid flow and convective heat loss associated
with leakage flow contribute to the heater heat flux, but the dominant
heat-transfer mechanism is phase change.
An expression for energy balance is

q”heater XA = (q”cond,loss + q”sens + q”conv,loss + q“Z—(p) x A (1)

where the q"cond,loss, 4"senss ''conv,losss and q"a2.,, are attributed to the heat
conduction loss from the silicon substrate to the surrounding area
(contact area between the silicon chip perimeter and the supporting test
platform), the sensible heating for the two-phase mass flow rate, the heat
loss attributed to the leaking flow from the manifold plenum area, and
two-phase heat flux, respectively, as depicted in Fig. 8c. The q"cond.loss iS
quantified by measuring the mean temperature increase of the heater as
a function of the applied heat flux to the heater. This measurement is
conducted on the dry sample to ensure that the temperature rise is
exclusively due to the heat conduction through the silicon substrate. The
applied heat flux is found to be linearly proportional to the mean tem-
perature rise of the heater (Tiean,heater) @bove room temperature (Tp).
The proportionality constant is extracted to be a ~ 0.2 Wem™2°C ! and
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Fig. 10. Wick base temperature profiles that correspond to three distinct heat transfer regimes, which are single-phase, mixed single—/two-phase, and two-phase
heat transfer regimes, respectively (1st to 3rd columns). The supplied liquid flow rate to the 3D manifold is 5 g(min)’l. The three different wick configurations
are included in each row. In each plot, the heater heat flux, mean temperature, maximum temperature, and minimum temperature values are given.

the corresponding heat flux ~ 17 Wem 2 at Theater ~ Tsar. Therefore, the
expression of the conduction loss is

q”cond,loss = a(Tmean,heater - TO) (2)

Based on the examination of the prevailing linear single-phase
cooling regime below water saturation temperature of the wick base
in Fig. 8 and 13, we attribute this behavior to heat conduction through
the water and the wetted manifold into the bypass liquid flow at the
plenums, largely independent of heat flux and wick type. The bypassed
fluid subsequently carries this heat out of the cooler assembly through
convection in the manifold plenum. This heat flux (q"conv,loss) is
expressed as follows:

q" convloss = Marain C'p (Tout — T )Al:elater (3

where C, is the water specific heat, Toy is the temperature of the
draining liquid flow, and Tj, is the inlet temperature. It should be noted
that the draining liquid temperature T,y cannot be directly measured
due to intermittent flow pattern in the experiment. g'"sens represents the
heat flux contribution due to sensible heat transfer. This heat flux is
associated with sensible heating of two-phase mass flow from inlet
temperature to water saturation temperature.

q “sens = mz—w Cp (Tsat -To )Al:elater “

When there is no phase change, the sensible heat flux is negligible, as
there is no liquid loss during the cooling process. During phase change
above the water saturation temperature of the wick base, the copper
wire-mesh manifold draws a liquid mass flow rate (r2,) from the
plenum sections, the magnitude of which depends on the liquid deple-
tion rate within the wick. ., is measured by subtracting the drain mass
flow rate from the inlet flow rate.

Tflz-«; = min - mdrain (5)

The heat flux that contributes to two-phase boiling (q"2.¢) can be
expressed as the following expression (Eq. 6a), and calculated using the
measured vaporization rate (Eq. 6b):

q”2—q> = q“heater - q”sens - q'lconv,loss - q”cond,loss (63)
. my_oh
Qag ="y (6b)

where hyg is the latent heat of vaporization of water. We emphasize that
q'"2-¢ is determined directly from the measured vaporization rate via Eq.
6b, using independently measured 1, and Mgrain, While qcond,loss 1S
independently calibrated from dry-sample measurements. The terms
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due to single-phase heat transfer q"sense and g’ conv,loss are calculated from
the energy balance (Eq. 6a).

In the thermal experiment, an IR camera captures the temperature
profile over the heater. Based on the heater temperature, the tempera-
ture over the base of the CIO wick is estimated by subtracting the tem-
perature drop due to the heat conduction across the thickness of the
silicon substrate from the base of the wick and the heater is given by

dsi
Thase = Theater — k_S g heater (7)
Si

From the IR image of the heater, the temperature value is evaluated
at each pixel. Therefore, the mean temperature of the wick base, Trean,
base> 1S calculated by averaging Tpase Over the heated area. The mean
thermal resistance attributed to the phase change is calculated as
follows:

Tmean.base - Tsat (8)

R mean,2—¢p — q”
2-¢

The two-phase heat transfer coefficient can be directly calculated by
inversing the mean two-phase thermal resistance as follows:

1 q 2
HTCmeanlf(p B R”mean.z—(p B Tmean.base - Tsat (9)

The detailed discussion of results in the three distinct heat transfer
regimes of single-phase, hybrid and two-phase is given below.

Single-phase heat transfer regime: For all the cases, there is a
linear relationship between q"heater Versus Tmean,base below 70-90 °C,
which is an indication of the single-phase heat transfer regime. We note
that the single-phase heat transfer regimes for the three different wick
structures are nearly identical. Furthermore, there is a weak dependency
of the slopes of thermal data over the single-phase heat transfer regime
on the inlet flow rate, m;,. However, as the inlet flow rate increases, a
slight increase in slope is observed for the three different wick struc-
tures. This trend is attributed to a larger fraction of room-temperature
bypass (leakage) flow around the plenum region, which carries more
heat away from the wetted manifold, as reflected by the modest slope
increase when the inlet flow rate is raised from 5 to 15 g/min. It is noted
that no liquid is lost to phase change in this regime because the heater
temperature remains below the water saturation temperature. There-
fore, all generated heat by the heater is removed by single-phase heat
transfer associated with the bypass flow.

Hybrid single/two-phase boiling regime: The experimental data
clearly shows a non-linear relationship as the mean base temperature of
the wick approaches the water saturation temperature =~ 100 °C.
Although Treanbase remains below water saturation temperature, the
temperature at the center region exceeds the saturation temperature
(two-phase heat transfer), while single-phase heat transfer prevails at
the other regions, as seen in Fig. 10.

Two-phase boiling regime: Above Tean,base = 102 °C, the slope of
q"heater Versus Tmean,base increases rapidly due to prevalence of the
nucleate boiling, resulting in more temperature uniformity across the
heated area, regardless of the inlet flow rates (Fig. 10). For the planar
CIO wick (Fig. 8a), a CHF =~ 380 Wem ™2 (9"1-¢ = 100 and q"5., ~ 280
Wem2) and superheat temperature level ~ 5 °C are achieved, regard-
less of the inlet flow rates. We note that only a fraction of the pumped
inlet flow rate, is drawn by the capillary forces through the copper wire
mesh manifold into the heated wick structure. Of this amount, a portion
of the liquid drawn into the wick (r2., = 1.6 £ 0.1 g/min) undergoes
phase change. A similar trend is observed in Fig. 8b for the sparse square
pin array covered with CIO layer, where the CHF values slightly increase
to 450, 500, and 520 Wem ™2 for inlet flow rates of 5, 10, and 15 g
(min) !, respectively. Similarly, for inlet flow rate of 5 g(min)*, only a
fraction of the supplied liquid flow ~ 2.2 + 0.1 g(min)~! undergoes
phase change. For the dense square pin array covered with CIO layer
(Fig. 8¢), a higher CHF level of ~ 660 Wem ™2 is reached for the inlet flow
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rates of 10 and 15 g(min)~}, and a slightly lower CHF level of ~ 600
Wem ™2 for the inlet flow rate 5 g(min) .. Similarly, only a fraction of the
supplied liquid flow rate ~ 3.5 + 0.2 g(min)! is changed to vapor.
Additionally, the CHF values for sparse (Fig. 8b) and dense (Fig. 8c) CIO
pin array wicks increase by ~ 47% and ~ 120%, respectively, compared
to the baseline planar CIO wick layer (Fig. 8a), which is directly corre-
lated to the increase in the effective (extended) surface area of the CIO
layer on the pin array by =~ 37% and ~ 114%, respectively.

For the three wick structures, the CHF shows negligible dependence
on inlet flow rate because liquid delivery to the heated wick is primarily
governed by the capillary pumping capacity of the wire-mesh array in
the 3D manifold. Consequently, as long as the manifold is supplied with
sufficient liquid such that the available capillary-fed flow substantially
exceeds the wick vaporization rate at CHF, which are the cases for all
data (Fig. 8). In this scenario, further increases in inlet flow do not
significantly enhance CHF. However, for the sparse and dense pin-fin
wicks (Fig. 8b and c), increasing the flow rate from 5 to 15 g/min
yields a measurable increase in CHF, despite the inlet flow being much
larger than the vaporization rate at CHF. We attribute this increase not
to an intrinsic change in the governing physics, but to secondary liquid
pathways enabled by the experimental configuration. Specifically,
bypass/leakage flow exiting the manifold can form a thin liquid film
around the heated region, which provides additional liquid replenish-
ment to the wick beyond the capillary-fed flow through each wire mesh
layer, thereby improving two-phase boiling performance. Moreover, the
higher supplied flow promotes leakage from the plenum directly toward
the heated area through the permeable gap between the wire mesh and
the copper spacer, further augmenting local liquid availability for phase
change.

To investigate heat and mass transfer in the cooler, the 2D temper-
ature profiles at the heat flux levels just prior to CHF are presented in
Fig. 9 for wire mesh spacing of 550 pm. The base temperature profiles
are extracted from the IR data over the 5 x 5 mm? heater by subtracting
the temperature drop across the silicon substrate at each pixel (Eq. 7). In
general, as the flow rate increases from 5 to 15 g(min) !, despite sig-
nificant variation in CHF levels, no significant change in temperature
profile and uniformity across the heated wick area is observed due to the
uniform capillary flow delivery and distribution using the wire mesh 3D
manifold. This leads to an exceptional two-phase thermal performance,
where the two-phase heat transfer coefficient (Eq. 9) values range from
0.3 to 1.0 MWm 2 °C™L. The planar CIO wick exhibits a pronounced hot
spot near the center of the heated area just prior to CHF (Fig. 9, top row),
reaching =~ 130 °C at the center while the wick perimeter remains near
100 °C. This is a signature of partial dry-out at the wick center. The same
partial dry-out is reflected in the boiling curve (Fig. 8a) where, prior to
CHF, the boiling curve bends slightly to the right, indicating that the
area-averaged base temperature rises gradually with increasing heat
flux. This rightward bend displays a coexisting a partial-dry-out region
and a nucleate boiling region. In contrast, the sparse and dense pin-array
wicks present substantially larger effective boiling areas, which reduces
the local heat flux on the CIO. Therefore, their boiling curves (Fig. 8b
and c) remain near-vertical up to CHF, and their temperature maps
(Fig. 9, middle and bottom rows) show much more uniform distributions
without a discernible center hot spot. Uniform contact between the wire-
mesh manifold and the CIO wick is maintained by three measures. First,
the bottom surface of the manifold is mechanically polished after sin-
tering to provide a planar contact face. Second, the CIO wick is con-
formally electroplated such that its top surface is aligned with the
surrounding silicon wafer surface, Third, during assembly, a gentle
normal force is applied through the supply tubes to maintain contact
without permanent bonding. Liquid meniscus formation between the
polished manifold and the porous CIO surface further accommodates
small gap variations, as the meniscus bridges the gap by capillary action.
CHF and HTC values were reproducible within the reported un-
certainties across repeated assembly/disassembly cycles of the manifold
on the cold plate and across nominally identical samples. Given the wick
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Fig. 11. Simulation results for maximum exit velocity and vapor pressure drops between copper wire mesh manifold plates as a function of the two-phase heat flux
for different wire mesh spacing. (a) Numerical simulation domain where we select a rectangular domain with dimensions matching the measured vapor channel exit
opening. (b) Calculated vapor pressure drops along the wire mesh as a function of two-phase heat flux for three different gap sizes. A few representative maximum

vapor velocities are also included.

configuration, the two-phase mass flow utilization is independent of the
supplied liquid. For the denser CIO wick, the increased utilization is due
to its larger phase change capacity arising from the increased effective
boiling area, as listed in Table 1. There are slight variations in the
temperature profile, with some localized hot spots, mainly attributed to
incomplete contact between the copper wire mesh manifold and the
wick, or minor imperfections in the CIO layer coverage.

The wick base temperature maps (x-y) for different inlet flow rates

and three wick types are presented in Fig. S4 in Supplementary Infor-
mation S5. The behavior of two-phase boiling is not significantly
affected by the flow rate applied to the 3D manifold due to the capillary-
driven flow in the cooling system. The different wicks show temperature
profiles with temperature difference of the average wick base temper-
ature less than 10 °C. The wick base temperature distribution of the
planar CIO wick has a hot spot near the center of the wick just prior to
CHF, which increases the temperature near the center due to the limited
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Fig. 12. Capillary-driven liquid transport modeling for the wire mesh manifold. (a) Permeability-thickness product as a function of capillary pressure from Shattique
et al. [24] (b) Simulation domain. (c) and (d) Liquid pressure fields at q"2., = 600 Wem' for Lpeater = 5 mm and 10 mm. (e) Calculated maximum viscous pressure
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Fig. 13. Boiling Data (q"heater V€rsus Tmean,base) for cold plates with (a) planar CIO layer, (b) CIO layer on sparse silicon pin array, and (c) CIO layer on dense silicon

pin array using the wire mesh manifold with the mesh spacing ~ 650 ym. We consider three different inlet flow rates of 5 g(min)~*, 10 g(min)~

1, and 15 g(min)’l,

respectively. The uncertainty in the heater heat flux is negligible (= 1%), and the uncertainty in the mean base temperature ranges from 2.2 to 2.4 °C. Therefore,
error bars of the heat flux and temperature are omitted for clarity in data presentation.

wick performance (i.e. lower CHF compared to the wicks with the
extended surface area). For the several cases (mass flow rate — wick type:
5 g/min - planar CIO, 10 g/min - planar CIO, 10 g/min — dense pin array
CIO, and 10 g/min — dense pin array CIO), it is observed that the right-
hand side of each temperature profile shows a larger temperature drop
than the left-hand side. This could originate from the pixel size in IR
images, which include variable portions of the heater near the boundary,
as each pixel in the IR image corresponds to approximately 180 x 180
pm? across the heater surface. A lower apparent temperature will be
observed when a pixel includes a larger area outside the heater
boundary. A detailed discussion regarding the temperature measure-
ment using the IR camera is provided in Supplementary information S3.

A potential limiting boiling performance for narrower wire mesh
spacing is the entrainment of the vapor into the capillary-driven liquid
film around the copper wire mesh screen. To better understand the
interplay of the vapor exit and liquid flow, we perform numerical sim-
ulations of vapor generated at the wick surface and venting through the
gaps between wire mesh plates (Fig. 11a). The wire mesh spacing is
calculated based on the wire mesh thickness (~ 250 pm) and the number
of wire-meshes. The vapor flow could potentially counteract the
capillary-driven liquid flow along the wire mesh from plenum to center
and then top to bottom toward the wick surface.

According to the Young-Laplace equation (Eq. 10), the capillary
pressure in the wire meshes sustains liquid transport into the wick is
given by

P, — P, = 20k (10)
where Py and Py are vapor and water pressure, respectively and o is
water surface tension, and « is the curvature of water meniscus over a
single layer of wire mesh. For the wire mesh used in this manifold, it is
reported that the product of thickness and permeability is markedly
reduced at ~ 700-1000 Pa [24] due to increased meniscus curvature and
potentially resulting in discontinuation or rupture of thin liquid film.
Based on our numerical simulation (Fig. 11b), even at the highest two-
phase heat flux ~ 600 Wem ™2, the vapor-liquid interactions in the

11

wire mesh manifold used in the experiment (gap size ~ 300 pm) are not
a major concern as the vapor pressure drop is much lower than the
maximum wire mesh capillary pressure to sustain liquid flow. For the
smaller gap spacing of 115 pm and 146 pm, corresponding to wire mesh
counts of 13 and 12, respectively. The results indicate that smaller gaps
lead to significantly larger vapor pressure drops compared to the 300 pm
case, suggesting that the presence of a dense manifold on the wick could
significantly affect capillary-driven liquid flow along wire meshes. The
simulations are performed in COMSOL Multiphysics using the Laminar
Flow module, solving the steady-state incompressible Navier—-Stokes and
continuity equations for saturated water vapor at 100 °C and 1 atm (py,
=0.598 kgm >, yy = 1.23 x 107° Pa-s). The inlet velocity v, at the gap is
computed by enforcing vapor-mass conservation over one mesh period.
All vapor generated by the two-phase heat flux over a unit period of wick
(Lperiod,mesh) must exit through the gap (width 6), giving

q 2 0 penod mesh

11
o an

Vin =

where § is the gap between adjacent wire meshes (300 pm, 146 pm, and
115 um for the three cases) and Lyeriod,mesh i the mesh center-to-center
spacing. The manifold outlet is set to zero-gauge pressure, and the wire
mesh surfaces are treated as no-slip impermeable walls at the measured
center-to-center spacings.

To gain intuition regarding the liquid transport limit, we developed a
2D Darcy-flow model for capillary-driven transport along a single mesh
layer above the wick, using the directly measured permeability—thick-
ness product K-¢ (as a function of the capillary pressure, Pcap) of Shat-
tique et al. [24] (Fig. 12a) as input. Full model formulation and
boundary conditions are given in Supplementary Information S6.
Fig. 12b shows the simulation domain and boundary conditions. Fig. 12¢
and d show the predicted viscous liquid pressure drop and velocity fields
for Lyeater = 5 mm and 10 mm at g";., = 600 Wcm'z, highlighting the
steepest gradients near the plenums. As g"»., (and the vaporization rate)
increases, the maximum liquid pressure drop grows accordingly, and
this growth is more pronounced for the larger mesh footprint,
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Fig. 14. Temperature profiles of three different CIO wick configurations and supplied liquid flow rates of 5, 10, and 15 g(min) ! to copper wire mesh manifold with

the wire mesh spacing of ~ 650 pm.

illustrating the intrinsic scalability limit of capillary-driven transport
along the wire mesh. Fig. 12e summarizes the predicted maximum
viscous liquid pressure drop, APy, along the mesh as a function of q"2.,,
for the two heater sizes. For the 5 mm heated area, AP, remains below ~
325 Pa even at q'3., = 750 Wem ™2 well within the cleaned-mesh
maximum capillary pressure ~ 1027 Pa [24], obtained after NaOH
and HySO4 surface cleaning. This confirms sufficient manifold capillary
capacity at the 5 x 5 mm? scale and indicating that the wick is the
limiting factor under the present conditions. We emphasize, however,
that the K-£ input here corresponds to a freshly cleaned mesh (Fig. 12a).
The evolution of K-£ for a cleaned mesh under prolonged operation in
water under open-atmosphere conditions has not been reported. In
Ref. [24], the as-received (uncleaned) mesh exhibits a maximum
capillary pressure of ~ 371 Pa, which is roughly threefold lower than the
cleaned case, and the corresponding K-£ curve is expected to shift
dramatically toward the lower-left corner of Fig. 12a (i.e., lower tran-
sition pressure and reduced low-Pc,, permeability). Therefore, although
the simulation predicts that q"»., > 750 Wem 2 is sustainable for a
freshly cleaned mesh in a wire mesh manifold at the 5 x 5 mm? scale, the
possibility that the wire mesh itself becomes the limiting factor under
realistic operating conditions cannot be ruled out. In addition, the
simulations assume a heater and mesh width of 1 cm where further
scaling in heater footprint will proportionally increase the viscous
pressure drop along the mesh, underscoring that manifold capillary
supply will become the dominant scalability constraint as the heated
area grows.

12

3.2. Capillary micro-cooler with copper wire mesh manifold with center-
to-center mesh spacing of 650 ym

We further investigate the impact of the copper wire mesh spacing of
650 pm in the 3D manifold. The cross-section schematic of this cooler is
provided in Supplementary Information S4. The experimental results for
q"heater V€IsUS Trean base With three different test configurations of the
wicks and three inlet flow rates of 5, 10, and 15 g(min)‘1 are presented
in Fig. 13, Fig. 14, and Table 2. The CHF values are 3% to 15% lower
than those observed in the 3D manifold of 550 pm copper wire mesh
spacing, while the superheat levels are relatively unchanged. This could
be because the manifold with 650 pm spacing has 8 wire meshes, instead
of 9 for the manifold with 550 um copper wire mesh spacing, which is
about 10% reduction in liquid delivery capability. Additionally, a larger
manifold spacing implies that the liquid must travel an additional 50 pm
from the wire mesh edge to the midpoint between neighboring meshes
that could result in the formation of dry-out regions, thus lowering the
onset of CHF.

A direct comparison between Table 1 and Table 2 highlights the
systematic effect of mesh spacing. For all three wick configurations, the
650 pm manifold yields a CHF that is ~ 3% (planar), ~ 9% (sparse pin),
and ~ 4% (dense pin) lower than the 550 pm manifold, while superheat
at CHF remains within =~ 1 °C across the two manifold designs. The
temperature maps in Fig. 14 show qualitatively similar uniformity to
Fig. 9, with no systematic shift in the location of localized hot spots,
indicating that the mesh spacing affects the magnitude but not the
spatial pattern of liquid replenishment. The combined effects, resulting
in lower CHF, unchanged superheat, and unchanged temperature uni-
formity, is consistent with the 650 pm manifold delivering less liquid to
the wick (fewer number of wire meshes or parallel capillary pathways,
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Table 3
Comparison of cooler configuration, cooling area, maximum heat flux, corresponding superheat, and two-phase heat transfer coefficient for capillary-based micro-coolers reported in the literature and this work.
8 8 8 y
Ref. Manifold Wick structure Heater area Performance Metrics Cooling structure Notes
2 . .
T d
mm q"max Superheat HTCy., Tiin op/side views
Wem 2 °C MWm 2°C! g/min
Planar CIO 370 4.1 0.60
c N CIO on sparse Si pin fins 520 6.7 0.57 d
. opper wire-mes e Two sides
This stud . 5x5 15 W . .
y (550 & 650 pm period) CIO on dense Si pin fins 659 6.2 0.86 ® q"1., is nearly independent of i,
Copper wire-mesh c e Shallow pool boiling
(171 (625 pm period) AIN pin fins 5x5 492 36.9 013 N/A e Liquid supply is unlimited, n < 0.1
Copper wire-mesh . s e Two sides
[23] (550 & 650 pm period) Silicon pin fins 5x5 487 6.2 0.33 157 e q"1., is nearly independent of rin;,
[18] Planar CIO 5x5 28,,9 8.0 0.42 15
(q max,z-:p) )
e Two sides
Planar CIO 10 x 10 278 5.3 0.67 60 e 1iny, affects g"1., due to significant subcooling
[20] " - -
Si microchannel @ max2-0)
(570 pm period) SE ]
. . em y
[19] Silicon pin fins 20 x 20 218 18.0 0.12 28 "I : o Twosides _— )
(q"max,2-¢) -os— |} o iy, affects ¢'1., due to significant subcooling
J—— |
0.175 x 2 850 - - N/A I
Two sides
N/A g .
[16] Planar CIO 11x2 157 - - N/A . e Superheat is not reported
N/A 2x2 760 30 0.25 N/A B
[12] Nanostructured copper micro-posts * Oneside
N/A PP P 5x5 159 33 0.0 N/A o HTCp.q ~ 'max/Superheat
0000000
N/A 25x 25 733 7 - N/A
[13] N/A Silicon pin fins 10 x 10 277 14 0.2 N/A e One side
[14] N/A Sintered copper 10 x 10 485 25 0.19 N/A * Four sides

HTCs.y = 1/Rn/Aneater
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and longer lateral transport from the nearest mesh to the center of the
wick) without changing the local boiling physics at the wick layer.

Regarding long-term reliability, boiling-induced degradation of
electroplated CIO under prolonged water two-phase operation has been
directly characterized in the previous works [26,27]. Kong et al. [27]
identified the dominant degradation mechanisms and corresponding
mitigation strategies for CIO, and Jiang et al. [26] reported quantitative
pool boiling reliability metrics for copper inverse opal wick and
demonstrated that nickel inverse opal wick structures fabricated by the
same template-sintering approach substantially mitigate boiling-
induced degradation while retaining comparable capillary-fed boiling
performance. These findings indicate that the present manifold-wick
architecture is directly compatible with a NiIO or surface-treated CIO
variant for extended deployment, without modification of the manifold
design. Combined with standard heat-pipe or vapor-chamber practices
such as degassed working fluid and hermetic sealing, these mitigation
pathways support reliable multi-year operation. Reliability character-
ization of the integrated manifold-wick assembly under thermal cycling
is reserved for a follow-up study.

4. Performance metrics comparison for capillary-based micro-
coolers

In this section, we compare and benchmark the present work with
the previous works from the co-authors of this paper [16-20,23], as well
as the previous works by others [12-14] on the capillary-based micro-
coolers. Giglio et al. [17] pioneered the application of copper wire mesh
manifold with an AIN pin fin wick, achieving CHF of 492 Wem ™2 where
the entire micro-cooler was immersed in a shallow pool of water.
However, it exhibits a large superheat (> 30 °C), due to the presence of a
relatively thick liquid film that increases two-phase thermal resistance.
Kong et al. [23] utilized the similar copper wire mesh manifold in a
“fully” capillary-driven boiling configuration with silicon pin fin wicks
[23] reported high CHF ~ 500 Wem ~2 with a very low superheat level of
6-8 °C, resulting in threefold reduction in thermal resistance compared
to reference [17] in Table 3. Our previous studies investigated 3D
manifold designs based on silicon microchannel arrays, spanning foot-
print areas of 5 x 5 mm?> [18],1x1 cm? [20],and 2 x 2 cm? [19], with
different types of wicks including CIO [18,20] and silicon pin fin [19]
wicks. Unlike the capillary-based copper wire mesh manifold (present
work and Ref. [23]), the silicon 3D manifold can operate both in pres-
sure and capillary-driven modes depending on the supplied liquid flow
rates. At low flow rate, the micro-cooler operates in fully capillary-
driven mode, while at high flow rate, a strong single-phase heat trans-
fer component prevails. A prior fundamental study on capillary-driven
boiling in narrow bridge CIO wicks without manifold [16] demon-
strated a strong dependence of CHF on the strip width, where the CHF
decreased dramatically from 850 to 157 Wem ™2 with superheat levels of
5-10 °C, as the strip width increased from 0.2 mm to 1 mm. This result is
consistent with the increasing effective capillary length. While the re-
ported thermal performance results were impressive, the small bridge
footprints (0.2 to 1 mm width) rendered the use of these micro-devices
limited to the cooling of small hot spots. Many previous studies have
shown that increasing the cooling area in capillary-driven two-phase
coolers without a manifold can dramatically degrade thermal perfor-
mance, because the effective capillary transport length increases. For
example, copper micro-post array wick [12] where liquid is drawn
against gravity exhibited reduced CHF as the heated footprint increased
from 2 x 2 to 5 x 5 mm?. Similar trends have been reported for silicon
pin fin wicks [13], increasing the heated area from 2.5 x 2.5 to 10 x 10
mm? reduced CHF from 733 to 277 Wem ™2 These results underscore
that the capillary transport length is a key parameter governing thermal
performance in large-area capillary-driven boiling systems. To improve
liquid delivery over large, heated areas, reference [14] has introduced
hierarchical sintered copper wick arrays enabling efficient liquid
replenishment and help to sustain high heat flux of 500 Wem ™2 with the
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superheat level of 25 °C. In the present and previous studies by co-
authors of this study [16-20,23], the capillary length limitation over a
large footprint is lifted by introducing the copper wire mesh [17,23] and
silicon [18-20] 3D manifolds, which distributes liquid laterally and
shortens the effective capillary distance over the wick surface. Recent
work on Al-assisted modeling of heat pipes has demonstrated that
machine-learning frameworks can efficiently identify optimal cooler
configurations from multi-parameter datasets. Extending such data-
driven approaches to the present manifold/wick platform represents a
promising direction for accelerating the design of manifold/wick two-
phase coolers [28].

5. Conclusion

In this study, we report exceptional thermal performance for a
capillary-based micro-cooler by combining a copper wire mesh manifold
and with three distinct wicking configurations (planar surface, sparce
and dense pin array wick) covered with CIO wick layer. For the dense
square pin array covered with CIO layer, we achieved the highest CHF
level of ~ 660 Wem ™2 corresponding to My = 3.5 g(min) !, which is
only a fraction of the inlet flow rate of 15 g(min)_l. It should be noted
that the goal of the present work is to demonstrate the proof-of-concept
and feasibility of implementing a copper wire mesh manifold. The pre-
sent open configuration is adopted to test the performance of integrating
a 3D manifold into the capillary-driven boiling system. For deployment-
level integration, the vapor exiting vertically through the inter-mesh
gaps can be routed to a condenser and the condensate returned
passively to the manifold plenum, which re-wets the entire manifold
through capillary action along the wire mesh layers, forming a closed
thermosyphon loop. In general, the capillary-based micro-coolers in this
study show outstanding temperature uniformity and flow stability even
near the CHF. The CHF values are limited by the wick structures rather
than the copper wire mesh 3D manifold for baseline planar CIO and
sparse silicon pin array covered with CIO layer. For the dense silicon pin
array covered with CIO layer, it remains challenging to determine
whether the wick or the copper wire-mesh manifold is the primary factor
limiting the CHF. Decoupling these two mechanisms will require
increasing the wick capacity beyond the present dense pin array, for
example, through taller pin-fin wicks to push the operating point into a
clearly manifold-limited regime and substantially reducing the manifold
capillary supply by lowering the wire mesh count to confirm the
manifold-limited CHF independently. Both directions are part of our
planned study. Furthermore, it is found that the 3D manifold with a
center-to-center wire-mesh spacing of 550 pm (9 wire meshes) exhibit
better coolant supply across the wick, showing a higher CHF, compared
to the 3D manifold with a center-to-center wire-mesh spacing of 650 pm
(8 wire meshes), owing to the larger number of parallel wire-mesh
capillary pathways (9 vs. 8) and the shorter maximum lateral distance
(=~ 275 pm vs. ~ 325 pm) from the nearest mesh to the wick. Smaller
copper wire mesh spacing could improve the capillary liquid delivery,
while the effective boiling area decreases, as the number of copper wire
mesh increases. Finally, we provided a comprehensive performance re-
view of the capillary-based micro-coolers with and without 3D man-
ifolding scheme to benchmark the present work. The next generation of
copper wire mesh manifold will be optimized to cover large-heated-area
as well as improving the permeability of the copper wire mesh to support
high two-phase heat flux. We believe this study paves the way for
developing passive two-phase cooling systems capable of pumpless
operation with enhanced energy efficiency.
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