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Sustainable and energy-efficient cooling is crucial for managing high-performance computing architectures
within the rapidly expanding data center industry. Here, we introduce a novel capillary-driven two-phase
microcooler that eliminates the need for conventional pump-based cooling schemes. The device integrates thin-
film boiling in silicon micropin fin wicks (six geometric variations) with a copper 3D wiremesh manifold (two
spacings), representing a new approach that combines self-regulated capillary liquid supply with nearly complete
vapor phase separation. Using deionized water, the optimized wick achieved a critical heat flux of 486 W/cm? at
a low superheat of ATsq; = 7 °C, corresponding to a two-phase thermal resistance of pr: 1.8 mm?- °C/W, while
ensuring nearly complete liquid-vapor separation (vapor quality ~0.9). The microcooler offers design flexibility
that allows any combinations of wick and manifold materials 9silicon or copper) as well as area and performance
scalability toward larger heated footprints and higher heat fluxes (~1 kW/cm?) and heat transfer coefficients
(~10° W/m? °C). These findings establish capillary-driven two-phase cooling as a transformative pathway for
the thermal management of high-end microelectronics and energy-efficient data centers.

has been explored for higher heat fluxes; yet practical deployment still
remains challenging because the required pressure drops are large and
the flow is susceptible to dynamic and static instabilities at modest vapor

1. Introduction

US data centers currently consume ~200 terawatt-hours per year,
with cooling requirements accounting for 20-30 % of this total [1].
Transformational, sustainable, and energy-efficient cooling technologies
[2,3] are needed to reduce the energy requirements [4,5]. Conven-
tionally, air and liquid cooling solutions [6-9] have been extensively
implemented in data center thermal management; however, the large
thermal resistance between the junction and inlet coolants (<20 °C)
requires a refrigeration system that significantly increases cooling power
requirements. In order for lowering the thermal resistance, immersion
cooling [10-14], heat pipes [15-19], and vapor chambers [20-23] have
been commonly used as passive cooling solutions [24,25]. However,
these approaches are generally limited to low-to-intermediate power
densities (up to 200 W/cm?). Consequently, pumped two-phase cooling
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qualities ~ 0.3 [26,27]. More recently, capillary-driven thin-film boiling
emerges as an effective solution for energy-efficient two-phase cooling
utilizing wire mesh wicks [28-33], sintered copper wicks [34-38],
nanowires [39-43], and microstructures [44-47] due to the rapid
transport of liquid to the heated surfaces and ensuring efficient vapor
evacuation at higher vapor qualities > 0.8. In addition, unprecedented
heat dissipation level up to 1400 W/cm? at superheats of ~10 °C have
been demonstrated on narrow heaters with lateral dimensions of
250-500 pm [48,49]. Nonetheless, studies on capillary-driven micro--
coolers that can be manufactured across large footprint area while
meeting real-world GPU packaging requirements remain limited.
Moreover, the outstanding thermal performance shown in small-scale
prototypes must be achieved over full die-scale footprints [50,51].
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Nomenclature ATgqe superheat temperature [ °C]
t thickness [m]
A cross-sectional area [m?] Winani manifold pitch [m]
Agn fined surface area [m?] Xe exit quality [-]
Ap heated area [m?]
Cp specific heat [J/kg-K] Greek symbols
CHF critical heat flux [W/m?] 0 apparent contact angle [deg.]
Dy diameter of fin [m] n dynamic viscosity [Pa-s]
g acceleration due to gravity [m/s?] p density [kg/‘ m’]
Hy height of fin [m] c surface tension [N/m]
hy, latent heat [J/kg] Subscripts
K permeability [m?] cap capillary
k thermal conductivity [W/m-K] CHF critical heat flux
Iy heater length [m] in inlet
l.eff effective wicking length [m] input input
m rr%ass ﬂOW rate [kg/s] loss loss
p pitch of fin [m] Ic liquid channel
Py viscous pressure of liquid [Pa] sat saturation
Pegp capillary pressure [Pa] i silicon
q heat dissipation rate [W] Si0, silicon dioxide
q" heat flux [W/m?] sp single-phase
R" thermal resistance [m?2- °C/W] tp two-phase
Ty heater surface temperature [ °C] ve vapor channel
Towick wicked surface temperature [ °C]

Motivated by advances in 3D-manifold approaches to forced-
convection cooling [52-56], recent studies have introduced
millimeter-scale 3D-manifold designs that realize capillary-driven flow
[57-60]. Giglio et al. [58] assembled stacks of copper wire mesh/spacer
pairs to construct a capillary-based 3D manifold for cooling to remove
500 W/cm? from laser processed aluminum nitride (AIN) pyramidal fins
(wick) over an area of 5 x 5 mm? achieving a superheat of 35 °C and
minimal thermal resistance of 7.5 mm?- °C/W. In this approach, the
copper wire mesh is simply placed over the AIN wick heated area, which
is dipped in boiling water. The water is wicked via copper wire mesh
plates towards the manifold center and down to the heated area, where
it is converted to vapor and exits rapidly from the space between the 3D
manifold’s wire mesh plates. When the free-standing, three-dimensional
copper wire-mesh manifold is immersed in a pool of heated water, liquid
is drawn into the manifold while vapor escapes. This cyclical inflow
floods portions of the heated surface, leading to the relatively high
measured superheat of 30-45 °C. Previously, Shattique et al. [59]
measured water permeability of free-standing copper #100 wire meshes
at varying capillary pressures demonstrating that the relative perme-
ability of the copper wire mesh with plain weave is not effected severely
until 600 Pa of capillary pressure but it can fall sharply beyond this limit.
Heungdong et al. [60-62] fabricated a unique area-scalable open
channel silicon-based 3D manifold that allows liquid wicking from the
side plenums and delivery over an area of 5 x 5 mm? [60], 10x10 mm?
[61] and 20x20 mm? [62]. This novel 3D manifold can support hybrid
single and/or two-phase cooling depending on the inlet coolant flowrate
and temperature, and heat flux levels [61]. More recently, Li et al. [63]
introduced hierarchically ordered perforated wire meshes that enable
low-resistance liquid wicking, rapid bubble nucleation, and directional
vapor escape. Their work showed the scalability and versatility of this
capillary-driven  perforated surface strategy across various
micro/nano-structured surfaces, achieving lowest thermal resistance of
3.2 mm?- °C/W and high critical heat flux of 311 W/cm? on compact
heating areas of 10x10 mm?. Lu et al. [64] demonstrated enhanced thin
film boiling using a capillary-driven configuration enabled by a super-
hydrophilic copper mesh wick, achieving heat fluxes up to 166 W/cm?
with high thermal stability. Their work emphasized the importance of
promoting directional vapor escape and maintaining ultrathin film

integrity through in-plane wicking, which suppresses dryout even under
high heat flux. This study also highlighted the role of mesh geometry and
wettability in optimizing boiling performance for high-power cooling
applications.

Advanced capillary-driven two-phase cooling using wiremesh-based
liquid supply architectures has developed, but the field still lacks a
comprehensive characterization of micro-wick behavior and a clear
understanding of how manifold-channel pitch on the wick governs
thermal-hydraulic performance. Addressing this gap requires controlled
parametric experiments and models that decouple wick properties from
manifold geometry.

In this study, we utilized the capillary-based 3D copper wire mesh
manifold developed by Giglio et al. [58] alongside several silicon
micropin fin evaporator wicks to achieve complete liquid-vapor phase
separation, reaching vapor quality levels up to 0.9. This was accom-
plished by precisely controlling the delivery of water coolant to the
manifold rather than submerging it in boiling water, thereby preventing
flooding of the heated region, which exacerbated superheat. We further
tested eight combinations of silicon pin fin wick (D= 4-20 ym, H=
100-200 pm, P = 16-46 pm) and 3D copper wiremesh designs with
wiremesh spacings (L.e. pitch between layers) of 550 and 650 pm to
better understand the impact of geometry and flow conditions on the
micro-cooler’s performance. We achieved high heat flux level of ~500
W/cm? and superheat levels of 7-15 °C, thermal resistance of 1.8 mm?-
°C/W with a very small coolant flow rate of m = 3 g/min, which is 10
times smaller than conventional single-phase microchannel cooling [65,
66].

2. Experimental section
This section describes the fabrication and assembly process for
sinter-bonded copper wire-mesh manifold and the silicon micro-pin-fin

wicks followed by description of the experiment set up, and finally de-
tails of data reduction combined with the uncertainty analysis.

2.1. Fabrication of wire mesh manifold

The three-dimensional copper wire mesh manifold illustrated in
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Fig. 1(a) comprises stacked layers of #100 copper mesh, featuring wire
diameters and openings of 125 um and a thickness of 250 um, and mesh
spacing of 550 pm or 650 um using solid copper spacers. The assembly is
bonded through a sintering process, which involves heating to 800 °C for
one hour, followed by cleaning with deionized water and isopropyl
alcohol. Fig. 1(b) and (c) depict a conceptual model of a capillary-based
microcooler. This microcooler incorporates the three-dimensional cop-
per wire mesh manifold, which is positioned atop (but not bonded to) a
silicon pin fin wick evaporator. This configuration is critically important
as it allows for the use of various combinations of wicking structures and
manifold materials without concerns about thermal mismatch between
the wick and the manifold. The microcooler has overall dimensions of 8
x 5 x 25 mm?, although its volume can be substantially reduced to
facilitate packaging and integration. In the manifold, the mesh plates are
vertically aligned, enabling liquid to be wicked from the side reservoirs
toward the center and then downward to the heated area, which mea-
sures 5 x 5 mm?, as shown in Fig. 1(b) and (c). It is noteworthy that
water bridges the gap between the three-dimensional manifold and the
wick structure. The size of the gap is much smaller than the mesh
openings. The water delivered to the porous evaporator is wicked
laterally, subsequently converted to vapor, and then exits through the
gaps between the copper wire mesh layers, as indicated by the red ar-
rows in Fig. 1(d).

A significant design improvement over the previous study [58] in-
volves the controlled delivery of coolant water using a Y4-inch poly-
urethane tube inserted into large circular openings at both ends of the
3D manifold (Fig. 1(a)). The tube ends were sealed, and small slits were
fabricated in the polyurethane tubes. When the water within the tubes is
pressurized using a syringe pump, the tubes expand, causing the slits to
open (Fig. 1(b)). This mechanism allows for the gradual and controlled
delivery of liquid coolant to the copper wire mesh layers. It is noted that
the syringe pump was employed solely to enable precise control of the
flow rate to the copper wire-mesh micro-cooler; in practical data-center
deployments the device is intended to operate passively, without any
pump-assisted liquid delivery. Fig. 1(e) presents a bottom view of the
copper wire mesh sheets that are in contact with the silicon pin fin wick
evaporator. Two types of copper wire mesh 3D manifolds were utilized,

[YyyYYs
Heat flux
(A=5 X5 mm?)
Electrical Feed

+ IR camera
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featuring different nominal center-to-center spacings of 550 pm and 650
pm, which determine the width of the vapor exit channels. Notably, the
unique design of the 3D manifold completely separates the pathways for
liquid delivery (through the copper wire mesh) and vapor exit (the space
between the wire mesh plates). This separation results in complete
liquid-vapor phase separation, achieving a vapor exit quality ~ 0.9.

2.2. Integration of silicon wicks with manifold

The silicon micropin fin evaporators were fabricated using the deep
reactive ion etching (DRIE) process on a 500 um silicon substarte over an
area of 5 x 5 mm? on a 20x20 mm?. The pin fins nominal dimensions
are: Dy =4, 11, and 20 um in diameter, P = 16, 30 and 46 um in spacing,
and Hy = 100 and 200 um in height. A thin metal heater, comprising 20
nm of titanium (Ti) and 300 nm of platinum (Pt), were sequentially
patterned on the backside of the pin fin wick substrate using electron-
beam (e-beam) evaporation to generate heat. In this study, a cali-
brated infrared (IR) camera was utilized for thermal imaging of the
entire heated area to assess the uniformity of temperature distribution
over the 5 x 5 mm? region. Additionally, a 3D-printed sample holder
with drainage holes (see Fig. 1(b)) was fabricated to minimize
misalignment between the copper wire mesh manifold and the silicon
pin fin wick evaporator. The test matrix employed for characterizing the
micro-cooler performance is presented in Table 1.

2.3. Test procedure and uncertainty

Thermofluidic evaluations of the silicon capillary-based micro-cooler
were performed utilizing a simple open-loop configuration, as depicted
in Fig. 2. The micro-cooler functions through capillary-driven flow
within both the manifold and the porous wick. To ensure precise regu-
lation of deionized water at 20 °C supplied to the copper wire mesh
three-dimensional manifold, a double-barrel syringe pump (PHD-2000,
Harvard Apparatus) with a total capacity of 300 mL was employed,
operating at flow rates of 5, 10, and 15 g/min. The fluid temperature and
absolute pressure at the micro-cooler inlet were monitored using Type-K
thermocouples (OMEGA KMQSS-062) and a pressure transducer
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Fig. 1. Capillary-based micro-cooler using silicon pin fin wick and copper wire mesh manifold. (a) An image of the as-fabricated copper wire mesh manifold. Total
dimension of wire mesh manifold consists of 5 x 25x8 mm>. (b) Schematic of micro-cooler integrated with copper wire mesh manifold. Two drain through-holes help
to prevent excessive liquid delivery into the wick and maintain an adequate thin liquid film. (c) Graphical image of test module for the micro-cooler. (d) Capillary
action in the porous wire-mesh and micropillar-wick structures continuously supplies liquid to the local hotspots, while the vapor produced at elevated heat flux
readily vents through the mesh interstices, thereby promoting efficient liquid—vapor separation. (e) There are two spacing of copper wire mesh manifold in this study:
550 pm and 650 pm (shown in the picture), wire mesh diameter and spacing between wires are both 125 pm.
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Table 1
Dimensions of the silicon pin fin wicks and manifold in microns. (unit: um).
Micropin fin wick 3D
Manifold
P Diameter  Pitch  Height  Fin Manifold
[ Area/ Width
o _l¢ Df Heater
Area,
B N Dy P Hy Af/An Winani
- 8 9
4.3 16 106 7.7 550
650
192 13.1 550
N/A
11 30 113 6.9 N/A
650
200 11.5 550
N/A
20 46 115 5.4 550
650
208 9.0 550
N/A

Cu-wiremesh manifold

II

Silicon chip

Reservoir|

Immersion [|~ —
heater

Chip holder

vapor

TEST SECTION

Vacuum
valve

FLIR A655sc
IR camera

Control
valve

Syringe pump

Scale

Fig. 2. .Simplified open flow loop system. The water in the reservoir is first
degassed using an immersion heater. A syringe pump then delivers the targeted
volumetric flow rate. A precision balance positioned at the loop outlet records
mass loss of the drained water, enabling accurate determination of the vapor-
ization rate during thermal testing. An infrared camera monitors the wick’s
backside heater temperature throughout the experiment.

(PX300-015G5V, OMEGA), respectively. Furthermore, the temperature
at the surface of the heated chip was recorded via an infrared (IR)
camera (A655sc, FLIR). The syringe pump continuously supplies coolant
to the wire mesh plenums situated on either side of the active region. A
portion of the water is drawn into the plenum through the copper
wiremesh screen, while the surplus water exits the 3D manifold and is
subsequently removed through drainage holes. The volume of drained
fluid is influenced by the syringe pump’s flow rate, the liquid delivery
configuration, and the geometry of both the 3D manifold and the ple-
nums. Flow rates were quantified by weighing the drained water using a
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scale (PI-225D, Denver Instrument), with measurements averaged over
60-second intervals. Thermal testing was conducted by progressively
increasing the heat flux in increments of 40 W/cm? using a program-
mable power supply (XLN15015, BK Precision). The testing procedure
was terminated when a rapid and significant rise in the heater temper-
ature occurred within a short timeframe, signifying a failure or the
cooling performance limit. The effective heat flux was determined based
on electrical Joule heating (qipu = V x I) after subtracting the heat
losses (qioss),

v _ GQinpur — qloss. (1)

qtot - Ah

The heat loss was estimated to be below 12 % for single-phase flow/
evaporation and under 6 % for two-phase flow, with comprehensive
details provided in Supplementary materials, Section A. The tem-
perature of the micropin fin wick surface (Tyik) was determined using
infrared (IR) thermometry of the heater chip surface, based on the
assumption of one-dimensional heat conduction through the thickness
of the silicon substrate:

. tei tei
T = To — @l (k—+k—) @
2

where tg; and kg; are the thickness (~400 pm) and thermal conductivity
(115 W/m-K at 100 °C) of silicon substrate. tsip, and ksjo, are the
thickness (0.5 um) and thermal conductivity (1.4 W/m-K) of silicon
dioxide for electrical passivation layer.

The water mass flow rate entering the silicon pin fin wick (11¢gp,sp),
which is strictly driven by capillary forces of wiremesh manifold, was
evaluated from a sensible heat energy balance applied within the single-
phase/evaporation regime. Consequently, a portion of the applied heat
is utilized to raise the temperature of the liquid from the inlet temper-
ature, T;,=22 °C, to the saturation temperature of 100 °C. The required
sensible heat is therefore estimated by:

p Meap.spCp(Tsat — Tin)
Ty = mPﬁPPA—’:ﬂtl7 3)
where C, denotes the specific heat capacity of water evaluated at the
mean temperature between the saturation temperature and the inlet
temperature. The heat absorbed by the coolant during the phase change
from liquid to vapor is defined as:

qu = qw[ - qsp‘cap' (4)
The steady-state two-phase thermal resistance is defined as:

R; _ Twick 7 Tsat’ (5)
q

®
where Ty, is the saturated temperature of water (100 °C in this study). At
heat fluxes approaching the critical heat flux (CHF), the exit quality, x,
can be approximately estimated by taking the ratio of the two-phase
mass-flow rate to the corresponding single-phase/evaporation mass
flow rate:

mca R
xp =L 6
Meap,sp

where rit.qp, ¢ represents the two-phase mass flow rate through the wick
during boiling. Experimentally, it is determined by subtracting the
drained flow rate from the pump-inlet flow rate, i.e. Mg, p= Minpump -
mout,drain-

The measurement uncertainty associated with electrical heating, g, is
estimated to be below 0.1 %. Inlet and heater temperatures, measured
using a thermocouple and an infrared camera, exhibit accuracies of +1
°C and +2 %, respectively. The uncertainties in the pumped liquid mass
flow rate and the drained liquid mass, as determined by the syringe
pump and digital scale, are estimated to be +0.35 % and +0.1 g,
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respectively. Utilizing standard error analysis, the propagated uncer-
tainty of the effective heat flux is calculated to be <5 %, while the un-
certainty in the wicking surface temperature is estimated to be within 7
%. Additionally, the accuracy of the two-phase heat flux is assessed to be
within 7 %, and the maximum uncertainty in the two-phase thermal
resistance is below 8 %. Finally, the uncertainty in exit quality is
determined to be below 8 %.

3. Results and discussion

This section presents the boiling curve characteristics, depicting
transition from single-phase/evaporation to mixed and then fully two-
phase flow. We then explored the impact of pin-fin wick and copper
wiremesh 3D manifold geometry on thermal performance of the
microcoolers. A narrower vapor-exit channel and a well-designed silicon
pin fin wick allows for optimum liquid delivery and vapor extraction
resulting in lower thermal resistance and superheat and highest CHF
levels. Finally, all results are gathered into one heat flux versus thermal
resistance plot, leading to clear, easy-to-follow design rules for optimum
wick properties and manifold spacing.

3.1. Two-phase performance on capillary-driven micro-cooler

3.1.1. General features

In this study, we utilize a capillary-driven 3D copper wire mesh
manifold, developed by Giglio et al. [58], integrated with a silicon
micropin fin evaporator wick to achieve complete liquid-vapor phase
separation. Before examining a complete set of performance data for
various combinations of micropin fin wicks and 3D manifolds (see
Table 2 and Table 3), we first examine the key characteristics of this
unique microcooler. Fig. 3 depicts heat flux vs. “spatially averaged” wick
temperature for three distinct single-phase/evaporation, mixed or
hybrid single-phase/evaporation and two phase boiling, and finally
two-phase boiling regimes. The single-phase/ evaporation linear regime
exists in the temperature range of 22 °C to ~ 80 °C. In this regime, the
coolant remains in single-phase within the silicon pin fin array while
thin film evaporation prevails mainly at the tip of the silicon pin fins as
well as surface of the water in between the pin fins [67]. Finally, the
two-phase boiling regime emerges once the wick temperature exceeds
105 °C and is nearly independent of the heat flux. A mixed or hybrid
single-phase/evaporation and two phase condition exists in the tem-
perature range of ~90 to 105 °C where the single-phase/evaporation
exists at the left and right inlet regions while two-phase boiling pre-
vails in the interior regions (see IR images in Fig. 4).

The results indicate that the flow is capillary driven within both the
manifold and the evaporator wick. It is important to note that, irre-
spective of the pumped mass flow rate (i, pump) supplied to the copper
wire mesh manifold at the inlet, the heater input is precisely balanced by
the mass flow rate (ricqp,p) driven by capillary forces to sustain two-
phase boiling. Any excess flow (fytdrain) is drained, as noted in the
inset of Fig. 3. Furthermore, the extent of excess water dranage, Mout,drain
depends on the geometry of the copper wire mesh manifold and effective
wire mesh permeability among other factors, and can be improved in the
future design iterations. At My, pymp= 15.7 g/min, the highest critical
heat flux CHF of 486 W/cm? is achieved consuming ricgp, p~2.9 + 0.2 g/

Table 2
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min, resulting in a vapor quality of approximately 0.90+0.05. Similarly,
for minpump= 5.3 and 11.3 g/min, the CHFs and vapor exit qualities are
350 and 464 W/cm?, and 0.7540.02 and 0.84-+0.03, respectively. This
indicates that there is not enough supply of liquid to be utilized by the
copper wire mesh due to excessive drainage from the left and right
sections of the wire mesh manifold where the plastic tubes are
connected.

Notably, the superheat across all tested mass flow rates ranges be-
tween 7 and 9 °C, indicative of thin film boiling within the silicon wick.
The non-uniform heating from the serpentine heaters due to current
concentration at the corners resulted in formation of localized hotspots
exceeding ~1 kW/cm? over ~150 um x 150 um (see Fig. 4). Addition-
ally, the design of the plenums, which supply coolant from both left and
right sides (Fig. 1(b)), exacerbates temperature non-uniformity due to
low coolant inlet temperature of 22 °C.

Preliminary results from a more recent work from this group [68] for
5 x 10 mm? copper wiremesh footprint and 5 x 5 mm? heated area,
yielded similar results for q" vs. Tyick and CHF limit, indicating that the
copper wire mesh 3D is not limiting factor in delivery of the water to the
hot spots. We concluded that the CHF is limited by the capillary flow
resistance in the silicon pin fins rather than the capacity of the 3D
manifold to deliver coolant to the 5 x 5 mm? heated area.

3.1.2. Effect of pin fin wicks on thermal performance

Here, we conducted systematic tests to evaluate the influence of pin
fin geometry on the thermal performance of the micro-cooler, utilizing a
copper wire mesh 3D manifold with a fixed mesh spacing of Wyqni= 650
pm (see Fig. 5 and Table 2). The three pin fin configurations vary by
diameter and spacing of them (see Table 1): D04P16 (High density),
D11P29 (medium density), and D20P46-M650 (low density) at the inlet
flow rate of 15 g/min. Clearly, the geometry of the pin fin wick signif-
icantly impacts the CHF values: For case A (dense fins), the CHF is likely
limited by the capillary flow resistance while for case C (sparse fins),
there may not be sufficient capillary pressure to sustain the capillary
flow; finally, for case B, either the capillary resistance in the Cu wire
mesh 3D manifold or silicon pin wick could be the limiting factor, the
latter is under investigation [68]. A similar trend is observed for inlet
mass flow rates of 5 and 10 g/min (Supplementary materials, Section
B).

Clearly, the D11P29-M650 configuration (case B) demonstrates the
best performance (see Fig. 3), resulting in both higher CHF of 486 W/
cm? and lower superheat level of 7.3 °C, achieving an effective two-
phase thermal resistance of 1.8 mm?- °C/W (see Table 2). This is com-
parable to the intrinsic conduction thermal resistance of a 200 um thick
silicon substrate ~ 2 mm?- °C/W. Also, the vapor exit quality for case B is
Xe=0.89+0.05 compared to 0.45+0.04 and 0.56+0.03 for cases A and
C, respectively. In the current study, water at 22 °C is used, resulting in a
single-phase liquid delivery in the wick and evaporation at the tip of the
silicon pin fins and water in between. A recent study indicated that by
utilizing a saturated liquid “coolant” near 100 °C, the linear single-phase
region vanishes and a fully two-phase regime would prevail but the
critical heat flux remains the same as that with the water introduced at
22 °C [68]. This implies that for a fully two-phase cooler even lower
thermal resistance of 1.5 mm?- °C/W can be achieved for the Case B
(refer to Table 2, last column).

Summary table of thermal test results for copper wire mesh spacing of, Wygni= 650 pm, and micropin fin wicks. D**P**-M***, represents diameter and pitch of wick

and manifold spacing pairs.

Design Winani Hpin Tiin,pump Tiout drain TMeap,p denr q; Teap, ip,cal Xe Mfin,CHF Twick,cHr R;,.CHF @ R:P‘(;Hp_ml @
Tin=22°C Tin= 100 °C
pm g/min W/cm? g/min - - °C mm?- °C/W
D04P16-M650 650 106 15.1 135 1.7 £0.14 268 181 1.2 0.45+0.04 0.69 116 8.7 5.9
D11P29-M650 650 113 15.7 12.8 2.9 +0.16 486 413 2.7 0.89+0.05 0.45 107 1.8 1.5
D20P46-M650 650 115 15.7 13.7 2.0+0.1 316 237 1.6 0.56+0.03 0.82 115 6.6 5.0
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Table 3
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Enhanced two-phase heat transfer by the reduced spacing of copper wiremesh manifold (W= 550 pm).

Design Winani Hpn THin, pump TMout, drain Ticap,ip denr q:p

Unit pm g/min W/cm?

Meapp,cal — Xe

g/min - - °C

R:p.CHF R;z.CHF.ml @Tin=100 °C

@
Typ= 22 °C
mm? °C/W

Nfincur  Twick,cHF

D04P16-M550 550 106 15.1 12.6
D20P46-M550 550 115 15.7 12.6

2.3 £0.05 376 285
2.7 £0.07 487 401

1.90 0.574+0.01 0.54 114 5.0 3.8
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Fig. 3. .Thermal performance (heat flux vs. spatially averaged wick tempera-
ture) as a function of mass flow rate delivered to the copper wire mesh mani-
fold. The boiling curve at each flow rate of ~ 5, 10 and 15 g/min yielded CHFs
of 350, 560 and 486 W/cm?, respectively. For the highest heat flux of 486 W/
cm?, the vapor exit quality, x, ~0.9, superheat AT, ~9.0 + 2 °C. The inset
table represents key performances parameters at CHF; for details refer
to Table 2.

Also it is noteworthy that superheat levels in cases A and C (AT;,=16
°C) are nearly double that of case B (ATsqu= 7.4 °C) likely due to
increased temperature instability and formation of hot spots (see IR
images of the silicon heater chip in Fig. 6). Once a hotspot is formed,
there may not be sufficient permeability to rewet the wick in case A,
leading to a sharp temperature spike and resulting in an early onset of
CHF similar to the local dry-out mechanism observed in pool boiling
[69,70]. (see Supplementary materials, Section C). In contrast, sparse
structures like D20P46 of case C experience lower capillary pressure;
both can lead to reduce the rewetting speed and result in lower dry-out
levels (see Supplementary materials, Section D).

3.1.3. The impact of wiremesh spacing in the 3D manifold

The effective wicking length, L, determines the optimum copper
wiremesh spacing (vapor exit channel width, Wyani,) as illustrated in
Fig. 7. The effective wicking length, l.g defined as the distance at which
the maximum CHF can be achieved in a wicking structure, is the critical
factor in evaluating the thermal performance of the capillary-based
microcooler; the relationship between maximum CHF and Iy is
derived as [49]:

, 4EKA ophgcost
qCHF.max = TR ) (7)

Heler (Inlegy) (3 (%)2 - 1)

where py, uy, 0, hyg, and 6 are the liquid density, liquid dynamic viscosity,
surface tension, latent heat of water, and contact angle, respectively. K is
the permeability of the pin fin wick. For estimating the liquid perme-
ability, empirical correlation has been utilized from previous study [71].
A, is the cross-sectional area of pin fin wick and I is the total heater

length. ¢ is the coefficient for the liquid fraction in the wick during the
boiling. Please refer to Supplementary materials, Section E for a more
detailed derivation of the CHF modeling [49].

It is noted that the effective wicking length, L is an intrinsic
property of the wick and coolant not the 3D manifold copper wire mesh
spacing. If Wingniyc exceeds 2l (i.e., Wingnive > 2lef), dry-out in the
evaporator occurs at the center of the wick (see Fig. 7(c)). Conversely, if
Winanive is equal to or <2leg (i.e., Winanive < 2lefp), higher CHF levels in
the evaporator wick can be achieved due to the sustained liquid thin-
film as shown in Fig. 7(d) and (e).

For a practical design of a capillary-based micro-cooler, it’s impor-
tant to note that the copper wiremesh layers delivering the liquid to the
heated area also occupy space, thereby reducing the effective area
available for capillary boiling across the total heated chip area:

Wmani,vc — Wmani.lc) ”

v _ . @)
A cHF ji—cooler (Wmani,vc T Wi 9cur

Consequently, there is a limit to how high the total effective CHF of
the heater chip can be as shown in Fig. 7(e). For further details, refer-
ence [72] provides a comprehensive illustration of the optimization
process, which takes into account both the effective wicking length and
the spatial footprint occupied by the copper wire mesh.

Fig. 8 shows the results of the thermal performance tests for two
types of 3D manifolds with copper wiremesh spacing of 550 pm and 650
pm, and two pin fin wick types, D04P16 and D20P46 (see Table 3 for
details) at constant mass flow rate of 15 g/min. The results demonstrate
that, for both types of silicon pin fin wicks, a reduced manifold spacing
of 550 pm leads to significantly higher CHF levels—ranging from a 40 %
to 60 % increase—and lower superheat levels. This behavior suggests
the presence of thin-film capillary wicking within the silicon pin fin
structures, as evidenced by the infrared thermal images provided in
Supplementary materials, Section F. In addition, it implies that nar-
rowing the spacing between wiremesh layers can improve boiling per-
formance while overall dense mesh layers diminish the effective boiling
area and ultimately degrade heat transfer. Accordingly, there exists an
optimal spacing that balances this trade-off and maximizes overall
thermal performance. For a detailed discussion on the influence of pin
fin wick height on thermal performance, refer to Supplementary ma-
terials, Section G.

3.2. Evaluation of two-phase thermal performance

Fig. 9 presents a comparative analysis of two-phase thermal resis-
tance as a function of CHF across five different micro-cooler configu-
rations tested in this study. Each data point is annotated with the
corresponding capillary mass flow rate, mi g, and exit vapor quality
within a bounding box.

For the dense D04P16-M650 wick design, characterized by a short
wick height of H= 100 pm, exhibits the lowest CHF value of q(,;= 268
W/cm? that translates to a high two-phase thermal resistance of pr of
8.7 mm?- °C/W. When the manifold spacing is reduced to Wygn= 550
pm, the CHF increases significantly to qg= 376 W/cm? This
enhancement is attributed to the shorter wicking “spacing” between
adjacent copper wire meshes. Additionally, reducing the manifold
spacing does not adversely affect the superheat so overall the two-phase
thermal resistance is lowered to R;,= 5 mm?- °C/W. Similarly, for the
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(a) q, =228 W/cm? (b) g,=346 W/cm?

Liquid direction by wiremesh layer

5mm

(d) 5mm

q,=463 W/cm?  [o(]
< 140

135
130
125
120
115
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q">1 kW/cm?
at the corner

Fig. 4. (a)-(c) Wick (D11P29-M650) surface 2D temperature distribution (IR thermometry, resolution of 25 pm spacing per pixel) and (d)-(f) corre-
sponding extracted heat flux distributions. T, is calculated from the 2D heater temperature map by assuming a one-dimensional temperature drop due to heat
conduction across silicon substrate thickness and two-phase convection, referring to Eq. (2) and (5). Blue arrows indicate the water inflow from left/right direction
through the copper wiremesh manifold, which explains the presence of slightly colder regions. The heat flux map at the wick surface is generated by multiplying the

superheat temperature and the effective heat transfer coefficient on each pixel.
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Fig. 5. Thermal performance (heat flux vs. spatially averaged wick tem-
perature) for various pin fin geometries (cases A, B and C, listed in Table 1)
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at the highest flowrate level of 15 g/min and for Wpqp,;=650 pm. The Fig. 6. Sequential heater temperature distribution captured by IR camera at
balance of viscous pressure in the wick and capillary pressure dictates the liquid near CHF of 268 W/cm? on D7P16-M650 (case A). A local hotspot, caused by
supply level to evaporator wick that results in various CHF and superheat levels insufficient liquid replenishment in the center region shows the unstable tem-
for wicks A, B and C. In general, a high level of critical heat flux (250 to 500 W/ perature fluctuation with high-temperature spikes.

cm?) and a low level of superheat AT, (7 to 15 °C) is achieved.
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Fig. 7. The interplay of the effective wicking length and copper wire mesh 3D manifold spacing on the optimum design of the capillary-based microcooler. (a)
Isometric view of full geometry of copper wiremesh manifold. (b) A close-up cross-sectional view along the A-A’ plane. (¢) Wianive > 2leg, dry-out may occur at the
center of the wick. (d) If Wingnivc is equal to or <2l (i.e., Winanive < 2legp), higher CHF levels in the evaporator wick can be achieved, (e) further reducing the 3D

manifold wiremesh spacing beyond 2l unnecessarily adds to the number of copper wire mesh layers, which in turn reduces the effective area for capillary two-phase
boiling [72], thereby reducing the total heat flux from the chip area.
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Fig. 8. Effect of wiremesh manifold spacing (650 pm and 550 pm) on the microcooler thermal performance. The smaller the spacing, the better performance
achieved, indicating that the capillary wicking length for (a) DO4P16 and (b) D20P46 is equal to or smaller than 225 pm.

D20P46 configuration, decreasing the manifold spacing from 650 pm to
550 pm reduces the thermal resistance by half to Ry,= 3 mm? °C/W,
while the gy nearly doubled from 300 to 500 W/cm?.

Among the three different wick types examined, the best performer,

D11P29-M650, achieves the highest CHF and the lowest wick superheat
temperature, resulting in the lowest two-phase thermal resistance of
R;;,: 1.8 mm?- °C/W. This superior performance is attributed to the
synergistic effect of optimized wickability and permeability of the wick
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Fig. 9. Comparison of thermal performance and critical heat flux along with
the geometrical combinations. Capillary-driven two-phase cooling demon-
strates that a mass flow rate as low as 1i.qp,;, ~3 g/min can dissipate heat fluxes
up to ¢"= 500 W/cm? while maintaining a high exit vapor quality of x, ~0.9.
Further reductions in thermal resistance and enhancements in allowable heat
flux can be achieved by carefully tailoring the manifold spacing and the di-
mensions of the micropin fin wick structure.

structure [44,73,74]. Unfortunately, there is no data available for
shorter wire mesh manifold spacing of Wpgnp= 550 pm, that could
potentially result in even better performance (higher CHF and lower
thermal resistance). Although not all possible combinations of geomet-
rical factors were tested, the findings of this study provide valuable
design recommendations for enhancing the two-phase thermal perfor-
mance of capillary-based micro-coolers. Specifically, optimizing wick
geometry and manifold spacing can significantly improve critical heat
flux and reduce thermal resistance, thereby advancing the effectiveness
of micro-cooler systems in thermal management applications.

Fig. 10 compares how thermal resistance scales with chip footprint
for pump-based and capillary-based cooling schemes. As the footprint
enlarges, thermal resistance inevitably rises. In pump-based coolers, a
larger area fosters thicker thermal boundary layers and greater on-die
temperature non-uniformity, both of which drive up the overall
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Fig. 10. Comparative study for thermal resistance scaling with chip footprint.
Capillary-driven, two-phase cooling incorporating hierarchical manifolds [48,
60-63] including the present study suggest they have a potential to ~10x
lower thermal resistance than those of conventional pump-based cooling
methods [52,56,78-84] and other evaporation methods [34,35,41,44,75-77].
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thermal resistance. In addition, in capillary-driven two-phase coolers,
the available capillary-pressure margin diminishes with area, promoting
early dry-out and CHF events, resulting in elevating thermal resistance.

Consequently, conventional pump-driven single- and two-phase
systems [52,56,78-84] span a broad grey band whose inclined slope
reflects their strong flow-rate dependence. Evaporation driven solely by
a wicking structure [34,35,41,44,75-77] falls within the same envelope
and exhibits comparable performance. Around the common 25 mm?
footprint—where most literature data cluster—thermal resistance typi-
cally lies between 4 and 16 mm?- °C/W. To break this limit, prior studies
[48,60-63] and the present work incorporate a 3D manifold-based lig-
uid-routing into capillary-driven cooling. The manifold sustains
capillary-pressure margin, delaying dry-out and CHF, and thereby shifts
the data into a distinct red band with a shallower thermal resistance
slope. Notably, at 25 mm? the proposed wiremesh manifolded two-phase
cooler achieves a superior thermal resistance of 1.5-1.6 mm?- °C/W,
approximately an order of magnitude lower than that reported for
conventional pump-driven cooling methods.

4. Conclusions

This study demonstrates the potential of a pumpless, capillary-driven
microcooler that integrates thin-film boiling in silicon micropin fin
wicks with a novel copper wiremesh 3D manifold using water as the
working fluid. By systematically characterizing six variations of wick
geometries (diameter, spacing, and height) in combination with two
manifold designs (wiremesh spacings of 550 and 650 pum), we establish a
clear link between geometry optimization and thermal performance.
The results highlight the ability of this system to sustain a CHF level of
~500 W/cm? (chip area: 5 mm x 5 mm) with a low superheat of ATsq= 7
°C, achieving a two-phase thermal resistance of R, = 1.8 mm?- °C/W.
Importantly, complete liquid-vapor phase separation was observed,
reaching a vapor quality of x, ~ 0.9 under fully pumpless operation.

Beyond performance, the mechanical robustness of the proposed
design is a critical advantage. Because the copper wiremesh 3D manifold
is not bonded to the silicon wick evaporator, concerns about thermal
mismatch are eliminated. This detachable configuration allows the
flexible use of different wicking structures and manifold materials,
opening opportunities for tailoring designs to specific applications
without compromising reliability. The study also suggests that optimum
performance can be achieved when the effective capillary wicking
length is approximately half the spacing between the wiremesh arrays,
providing a useful design guideline for future systems.

The findings provide a foundation for pushing the limits of cooling
performance in microelectronics, with the potential to approach CHF
levels near 1 kW/cm? and heat transfer coefficients exceeding 10° W/m?-
°C. Future research directions will focus on further optimizing manifold
plenums to reduce coolant drainage, improving wick permeability and
effective conductivity, and exploring hierarchical manifold architec-
tures for area scaling up to 30 mm x 30 mm. In parallel, the develop-
ment of semi-empirical, physics-based models that integrate single-
phase-evaporation, two-phase, and mixed-phase regimes will be essen-
tial to guide design. Finally, performance evaluation under sub-
atmospheric and closed-loop conditions will bridge the gap toward
practical implementation.

Taking together, this work highlights the critical role of advanced
capillary-driven microcoolers in meeting the thermal demands of next-
generation electronics. By enabling high heat flux removal, robust me-
chanical reliability, and scalable designs, such microcoolers offer a
promising pathway for energy-efficient cooling of high-performance
processors and data centers.
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