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Capillary-driven boiling enables promising passive cooling structures and devices, and the use of highly-
ordered microporous media promises efficient heat transfer at low superheat. Here we leverage the struc-
tural regularity of copper inverse opals (10) to develop capillary structures with unprecedented fidelity,
enabling a detailed study of the impacts of architectural design variables on boiling critical heat flux
(CHF) as well as liquid and vapor transport properties. Fabrication of 10 using a template-assisted elec-
trodeposition method allows fine control of the microstructure and bulk geometry, producing structures
with varying pore diameters (3.2 - 10.2 pm), heated area lateral dimensions (0.2 - 5.5 mm?2), and struc-
tural thicknesses (10 - 40 pm). We demonstrate capillary fed copper 10 structures capable of dissipating
over 1 kW cm~2 in boiling with water as the working fluid. We identify two distinct transport regimes,
namely, a capillary-limited regime where CHF increases as 10 lateral dimension decreases, and a boiling-
limited regime where further decrease in 10 areal footprint does not significantly improve CHFE. This
yields an optimal length scale of porous media area and structural thickness that maximize the CHF of
capillary-driven boiling due to hydrodynamic competition between capillary wicking of liquid replenish-
ment and the viscous forces on vapor. This work makes progress both on the fundamentals of two-phase
flow physics in porous media while providing fabrication and optimization details for practical capillary
structures that will support the device design for applications ranging from energy conversion to elec-

tronics cooling.

© 2021 Published by Elsevier Ltd.

1. Introduction

Breakthroughs in heat transport are essential to the sustained
development and efficiency of numerous energy conversion tech-
nologies as well as power electronics and data centers [1-3].
Boiling provides an efficient way of energy transport by leverag-
ing the latent heat of working fluid during vaporization [4-7]. In
particular, capillary-driven boiling in microstructured porous thin
films (typically < 1 mm thickness) features compact form factors
and pump-free liquid supply via capillary wicking, making it suit-
able for integration of systems with size and weight limitations
[4,8]. Recent studies on boiling in various capillary structures have
shown a significant increase in heat transfer coefficient upon boil-
ing incipience, demonstrating superior heat dissipation capability
(up to 1 kW cm~2) at low superheats compared with other two-
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phase heat transport schemes [9-12]. During capillary-driven boil-
ing, the microporous wick structures with highly interconnected
pores serve the dual purpose of supplying heat to extended phase-
change interfaces while simultaneously transporting liquid-vapor
two-phase flow through the pore space. The key characteristics of
these porous films are low conductive resistance for heat distribu-
tion through the matrix, high capillary pressure for liquid pump-
ing, and high fluid permeability for low pressure drop. The high
density of microscale pores also provides a large number of po-
tential nucleation sites and enormous interfacial area for boiling
heat transport [7,13]. The heat transfer coefficient and efficiency
of boiling heat exchange increases with increasing heat flux until
a critical point (also known as the critical heat flux, or CHF), be-
yond which an abrupt temperature rise in the heated porous wick
is observed, which can cause catastrophic burnout of the boiling
structure. As such, much research has been focused on enhanc-
ing the CHF of capillary-driven boiling by investigating different
microporous architectures, including sintered particles [10,14,15],
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Nomenclature
A area, m?
dn neck diameter, m
dp pore diameter, m
hy, latent heat of vaporization, J kg~!
1 heating current, A
K fluid permeability, m?
K relative permeability, dimensionless
L length of heated area, m
l liquid wicking distance, m
p pressure, Pa
q’ heat flux, W cm—2
radius, m
temperature, K
time, s
velocity, m s!
voltage, V

specific volume, m3 kg~!
width of heated area, m

reek symbols

thickness, m
difference

contact angle, °
density, kg m—3
surface tension, N m~!
dynamic viscosity, Pa s

TAD®DDH>O TT<C TS

Abbreviations/subscripts
boil boiling

cor cap capillary

CHF critical heat flux

cri critical

eff effective

fg liquid-to-vapor

10 inverse opal

lorlig liquid

opt optimal

s saturation condition
v vapor

w wick

sintered screen meshes [7,16,17], micropillar arrays [9,18,19], and
various hybrid wicks [20-23].

Despite intensive efforts in the past decade, the structure-
property relations of microporous wick architectural design vari-
ables to capillary-driven boiling CHF are still challenging. During
boiling, capillary suction in the porous wick laterally replenishes
the working fluid, while vapor escaping from the wick in a vertical
direction across the wick thickness, as shown in Fig. 1. Both effi-
cient liquid wicking and rapid vapor venting are key to prevent-
ing wick dryout at elevated heat fluxes [15-17,19]. For capillary-
driven boiling in porous wicks where liquid is only supplied via a
capillary feed, the maximum heat flux is reached when liquid vis-
cous pressure losses exceed the wick capillary pressures, resulting
in liquid starvation [16,19]. The ability to deliver liquid via capil-
lary pumping establishes the capillary limit of CHF. Recent stud-
ies on increasing boiling CHF have developed both experimental
methods and numerical simulations to analyze the absolute (in-
trinsic) fluid permeability [18,24-27] and capillary wicking perfor-
mance [20,28-32] of various porous wicks. These studies, although
informative, have mostly been limited to single-phase liquid trans-
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port, and did not include the effect of vaporization and the sub-
sequent two-phase flow in the porous wicks. The occupation of
vapor within the interconnected pores can block permeable path-
ways for liquid replenishment, reducing the effective liquid perme-
ability to be much less than the single-phase value due to partial
saturation of vapor phase. The difficulty in determining the liquid
transport limit in a two-phase flow regime prevents a precise eval-
uation of the capillary limit based on wick geometries [11,15]. On
the other hand, boiling crisis can also be reached if the vapor flow
resistance retards extraction and leads to vapor blanketing adja-
cent to the heated wick surface, which defines the boiling limit
of CHF. While several prior studies [5,10,12,15] have hypothesized
that vapor clearance controls the ultimate limit of heat flux in wick
structures with short liquid wicking distances, there has been rela-
tively little work to elucidate the effective vapor permeability hin-
dered by partial blockage of pores by the liquid. Hence the relative
importance of vapor escape compared with liquid supply has not
been clearly delineated. Systematic investigations with varying lig-
uid transport distances and wick thicknesses are required to iden-
tify the transition between capillary limit and boiling limit of CHF.
Further, a quantitative relation that links the effect of architectural
design variables on such transitions would benefit wick optimiza-
tion for enhancing boiling heat transfer performances.

Copper inverse opal (I0) structures have demonstrated the po-
tential of heat dissipation over 1 kW ¢cm~2 using a capillary lig-
uid feed [12]. The uniform pore diameters and regular pore ar-
rangement of 10 structures promote spatially uniform vaporization
throughout the wick, and make it feasible to evaluate two-phase
flow transport resistances leading to CHF for model development.
In addition, the fabrication of I0 using a template-assisted elec-
trodeposition method enables the ability to tailor the wick lateral
dimension and thickness for a parametric study. In this work, we
investigate capillary-driven boiling CHF in well-ordered copper 10
wicks while varying liquid wicking lengths and wick thicknesses.
We experimentally realize a transition from the capillary limit of
CHF to the boiling limit as the liquid wicking length of 10 wicks
is reduced, and the effect of wick thickness is investigated for CHF
optimization. We use this data to develop a semi-analytical model
to predict the critical heat fluxes by analyzing both liquid and va-
por transport within the porous media. Liquid and vapor relative
permeabilities (defined as the ratio of effective permeability to the
absolute permeability) are incorporated in the CHF model to ac-
count for reduction in transport capability due to two-phase flow
in the porous structure. With this experimental platform and sup-
ported by thermofluidic modeling, we elucidate the optimal length
scale at which microporous structures can be effective when oper-
ating via capillary action in boiling.

2. Experimental methods
2.1. Inverse opal capillary structure fabrication

Inverse opal capillary wicks are synthesized using a derivative
of the template-assisted copper electrodeposition protocol devel-
oped in previous works [12,33]. This electrochemical process lever-
ages closely packed polystyrene colloidal crystals for templating
the growth of copper (see Supplementary Information Section I
for the fabrication process flow). The sacrificial opal template is
formed on glass substrates by self-assembly of monodispersed col-
loidal polystyrene spheres. We use three different polymer sphere
diameters to synthesis 10 wicks with averaged spherical pore di-
ameters (i.e. dp) of 3.2 pm, 54 pm, and 10.2 pm. The colloidal
crystallization of polystyrene particles is driven by a combination
of particle sedimentation [34,35] and a convective self-assembly
mechanism [36]. As the aqueous solvent evaporates to the am-
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Fig. 1. (a) Cross-sectional and (b) top view scanning electron microscopy (SEM) images of the well-ordered inverse opal capillary structure. The spherical pores are connected
together via the circular necks to form fluid permeable pathways. The scale bar in the inset SEM image is 2 um. (c) Schematic of liquid and vapor two-phase flow inside the
confined cavities of copper inverse opal during capillary-driven boiling. Lateral liquid delivery over the heated area is driven by capillary pressures of the porous structure
during boiling. The hydraulic resistances of liquid and vapor transport depend on architectural design variables of the porous medium. The length L of heated areal footprint
determines the liquid wicking length l under capillary pressures, and the porous wick thickness & decides the vapor transport distance.

bient (temperature 22°C, relative humidity 30%), the liquid film
becomes thinner and the colloidal spheres are pulled toward the
substrate. Toward the last stage of water evaporation, a menis-
cus forms in the center of the well and grows radially toward the
edge due to the concave shape of the aqueous layer. As the menis-
cus shifts, colloidal particles further assemble into closely packed
templates under immersion capillary forces [37,38]. Opal template
sintering is implemented to form bonded area between neighbor-
ing polymer spheres, which later causes an increase in interpore
neck sizes (Fig. 1b) of the resulting copper structures. These cir-
cular necks bridge adjacent spherical pores forming fluid perme-
able pathways in the 10 wicks [12,25]. Copper is electrodeposited
at a constant current onto the gold seed layer and up through the
void volume of the sintered template from an aqueous electrolyte
solution (0.6M copper sulfate and 5mM sulfuric acid). A three-
electrode configuration is utilized with a copper counter electrode
and Ag/AgCl as reference electrode. Tailoring of 10 wick thicknesses
is enabled by varying electrodeposition durations. Dissolving the
polystyrene template in tetrahydrofuran solvent after copper de-
position exposes the spherical pores in orderly arrangements. A
more detailed description of opal template self-assembly and cop-
per 10 synthesis can be found in Supplementary Information Sec-
tion I through Section III.

The uniform pores of 10 wicks are interconnected via fluid per-
meable necks, which are determined by the bonded area of sacri-
ficial polystyrene spheres resulted from template sintering. These
narrow windows between neighboring pores act as flow restric-
tions along the fluid pathways, thus the wick permeability in re-
lation to fluidic transport performances is strongly dependent on
neck diameter d, [25]. To evaluate the permeability of 10 wicks, we
analyze the neck sizes from scanning electron microscopy (SEM)
images of 10 structures. For I0 samples of different pore diameters,
representative SEM images and neck diameter distributions under
various template sintering conditions are summarized in Fig. 2.
Owing to its well-ordered pore arrangements, the absolute (single-
phase) fluid permeability K of 10 structures can be predicted us-
ing computational fluid dynamics (CFD) simulations based on pore
and neck diameters, as detailed in Supplementary Information Sec-
tion IV. Numerical simulations of absolute permeability of IO struc-
tures have shown agreement with experimental results within &
30% [12,32,39].

2.2. Capillary-driven boiling in inverse opal wicks

A thin titanium/gold seed layer of 5/50 nm thickness is de-
posited using electron beam evaporation onto a glass substrate,
which later serves as the cathode for copper electrodeposition. The
seed layer is patterned using shadow masks to define a bridge area
with different widths W and lengths L connecting two contact pads
(Fig. 3a). By varying the seed layer patterns, we produce active 10
wicks of widths of 2.0 mm and 4.0 mm, and lengths ranging from
100 pm to 1100 pm (summarized in Table 1) for a systematic study.

We experimentally characterize capillary-driven boiling in 10
porous wicks using deionized (DI) water as the working fluid. Wa-
ter is driven across the active 10 area from two adjacent liquid
reservoirs via capillary pressures of the porous wick (see Fig. 3b
and c). To reduce the risk of flooding, we utilize highly perme-
able cellulose wicks to supply water to the laser-ablated reservoirs
from a water pool whose liquid level is maintained ~2 mm be-
low the wick level. The gravitational pressure loss is less than 2%
of the capillary pressure generated by the microporous 10 wicks,
hence its influence on liquid feeding is neglected. As liquid is later-
ally replenished from both sides of the capillary wick, the effective
liquid wicking length g of each 10 sample is defined as half of
the bridge area length (i.e. [, = 0.5L). The passive liquid transport
setup allows for self-regulation of working fluid wicking responded
to heating, as the porous wick only syphons the required amount
of liquid for phase change processes.

The patterned bridge area of 10 structure serves as both a
heater and a resistance temperature detector (RTD) [11,12,40,41].
Prior to measurements, resistance thermometry is performed on 10
samples and calibrated against T-type thermocouples (see Supple-
mentary Information Section V). During the boiling experiments,
a heating current Ijg is applied to the sample incrementally using
a direct current (DC) power supply (BK Precision 1693), and the
voltage across the 10 active region V)o is measured using a volt-
meter (Keithley 2182A) with a four-probe configuration. The heat-
ing current is evaluated by simultaneously measuring the voltage
across a current sensing resistor, which is in series with the 10
sample. We calculate the heat fluxes by dividing the actual heat-
ing power (Ijp x Vjp) with the active area of the wick (W x L).
The corresponding wick temperature T, at a given power input is
determined by the wick electrical resistance. Parasitic heat losses
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Fig. 2. Summary of statistical analysis of neck diameter distribution of copper IO samples having pore diameters of 3.2 pm, 5.4 pm, and 10.2 pm. Neck diameters (d,) of
copper I0 samples with different pore diameters (d,) and template sintering conditions (i.e., temperature and duration) are analyzed using SEM images. Examples of SEM
images analyzed in Image] to determine the necks are shown. Histograms of neck diameter distribution are obtained by statistically sampling over 200 necks from SEM
images and the neck to pore diameter ratios are applied to computational fluid dynamic (CFD) simulations to calculate 10 permeabilities.

(e.g. conduction through the glass substrate) are characterized by
quantifying the power dissipated by dry 10 samples as a function
of temperature without liquid feed to support boiling (see Supple-
mentary Information Section VIII). Identical experimental setup to
that of boiling heat transfer measurements is utilized with no lig-
uid supply to the active 10 area. This parasitic heat loss is deducted
from the heating power in all heat fluxes reported in this study.
Fig. S10 shows typical temporal results for an 10 sample. The heat-
ing power is increased in a stepwise manner, and each power in-
put is maintained to reach steady state, where the measured wick
temperature changes at a rate less than + 0.2°C/min for 1 min.
When the power input exceeds the maximum heat flux that can be
sustained by the porous wick, a sudden temperature spike of the
temporal data is observed (see Fig. S10). The last recorded steady-
state heat flux is assumed to be the CHF of capillary-driven boiling
in the 10 sample. More details about electrical measurement and
uncertainty analysis can be found in Supplementary Information
Section IX.

Fig. 4a shows the representative boiling curves of 10 wicks with
pore diameters of 3.2 pm, 5.4 pm, and 10.2 pm. The boiling curves
show a similar shape for 10 structures of different pore diame-
ters. At low heat fluxes (< 100 W cm~2), no bubble nucleation is

observed, and the heat transfer mechanism is primarily thin-film
evaporation from the free liquid menisci formed at the top of the
wick. Upon boiling initiation of the capillary wick, the slope of the
heat transfer curve increases rapidly due to increased liquid-vapor
interfaces resulted from bubble generation. This causes a signifi-
cant reduction in wick thermal resistances in the boiling regime
compared to the thin-film evaporation regime. As heat flux is in-
creased, we visually observe bubble nucleation, departure, and vi-
olent liquid ejection from the wick, as shown in Fig. 4b. Upon
boiling incipience, bubbles nucleate simultaneously over the ac-
tive 10 bridge area, and collapse when they grow beyond the wick
height. At low to moderate heat fluxes, nucleating bubbles grow
and coalesce to larger sizes (~200 pm) before collapsing on top of
the wick. At high heat fluxes, intensive liquid ejection is observed
above the wick and clear bubble boundaries are difficult to obtain
as bubble generation frequencies increase significantly. The bub-
ble diameters at all heat flux levels are much smaller than what
have been observed for extensive pool boiling experiments (mil-
limeter scale) [42-45], which is likely due to confinement of the
thin liquid layer in a capillary-driven boiling configuration [41]. In
pool boiling where bubbles depart from the heated surface under
buoyancy forces in the stagnant liquid pool, the bubble departure
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Table 1
List of 10 samples used for systematic characterization.

International Journal of Heat and Mass Transfer 173 (2021) 121241

Pore diameter d, Neck to pore

Heated area

Heated area Liquid wicking Wick thickness &

Sample no. (um) diameter ratio d, /d, width W (mm) length L (um) length Ly (um) (um)
S1 3.2 0.32 2.0 151 75.5 10.6
S2 3.2 0.32 2.0 238 119 11.3
S3 32 0.32 2.0 344 172 10.9
S4 3.2 0.32 4.0 545 272.5 11.4
S5 3.2 0.32 2.0 329 164.5 10.8
S6 32 0.32 2.0 314 157 8.3

S7 3.2 0.32 2.0 325 162.5 15.1
S8 5.4 0.40 4.0 465 232.5 16.1
S9 54 0.40 4.0 560 280 15.9
S10 5.4 0.40 4.0 748 374 16.5
S11 5.4 0.40 4.0 592 296 20.7
S12 5.4 0.40 4.0 636 318 21.3
S13 5.4 0.40 2.0 117 58.5 24.5
S14 5.4 0.40 2.0 168 84 24.2
S15 5.4 0.40 2.0 268 134 24.2
S16 5.4 0.40 4.0 820 410 24.4
S17 5.4 0.40 2.0 150 75 27.9
S18 5.4 0.40 2.0 174 87 28.4
S19 5.4 0.40 4.0 1106 553 28.6
S20 5.4 0.32 2.0 274 137 9.2

S21 5.4 0.32 2.0 275 137.5 14.4
S22 5.4 0.32 2.0 283 141.5 194
S23 5.4 0.32 2.0 284 142 22.1
S24 5.4 0.32 2.0 281 140.5 26.2
S25 5.4 0.32 2.0 290 145 29.6
S26 10.2 0.31 2.0 209 104.5 35.2
S27 10.2 0.31 2.0 350 175 35.5
S28 10.2 0.31 4.0 572 286 33.8
S29 10.2 0.31 4.0 817 408.5 32.1
S30 10.2 0.31 2.0 292 146 32.8
S31 10.2 0.31 2.0 282 141 22.6
S32 10.2 0.31 2.0 301 150.5 41.5

Wicking
length oy

r

c Self-heated Vapo
10 active area ﬁ Laser-cut
LY liquid reservoir

" Liquid |
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y Pedestal

Fig. 3. Boiling in copper 10 wicks via capillary wicking of liquid. (a and b) Top view
of patterned IO active area showing IO bridge width W, bridge length L, and maxi-
mum liquid wicking length L. Liquid reservoirs are patterned on both sides of the
10 active area via laser ablation of the glass substrate to deliver liquid to wick edges.
(c) Schematic (no-to-scale) of the side view showing lateral liquid transport via cap-
illary wicking and vapor venting in a perpendicular direction across the wick thick-
ness. Heat fluxes are supplied by volumetric Joule heating of the active IO bridge.

diameters are comparable to the capillary length [46], which is ap-
proximately 2.5 mm given water properties at a saturation tem-
perature of 100°C. Whereas in capillary-driven boiling, the porous
wick thickness (tens of micrometers) provides an upper bound for
liquid layer thickness, and such thin liquid film prevents bubbles

from growing to be of millimeter-scale sizes before collapsing at
the wick surface. The wick superheat (AT = T,y — Ts) at maximum
heat dissipation of 10 wicks varies by less than 1K for a fixed pore
diameter, but increases from ~9 K to ~18 K as the pore diameter
of 10 wicks reduces from 10.2 um to 3.2 pm, suggesting a possible
confinement of nucleating vapor bubbles to sizes similar to those
of the spherical pores themselves [11]. Similar increases in wick
superheat as pore diameter decreases have also been observed in
pool boiling experiments with IO structures having pore diameters
ranging from 0.6 pm to 5 pm [42,47].

3. Modeling of critical heat flux of capillary-driven boiling

Capillary-driven boiling in porous wicks features lateral liquid
delivery driven by capillary pressures while vapor vents in a per-
pendicular direction across the wick thickness. To predict critical
heat fluxes of capillary-driven boiling, both liquid and vapor trans-
port within the porous wicks should be considered. As the porous
matrix imposes drag forces on both liquid and vapor flows, the
maximum phase change capability reflects either the liquid sup-
ply without dry out (the capillary limit), or the ability of liquid
rewetting the heated surface facilitated by vapor extraction from
the wick (the boiling limit).

The capillary limit of CHF is determined by balancing the capil-
lary pressure available from the porous structure as determined by
the pore diameter with the flow resistance imposed by the porous
matrix. The maximum viscous pressure drop of lateral liquid wick-
ing Apy;, at a given heat input q” depends on working fluid supply
configuration (i.e. the effective wicking length l.;) and wick thick-
ness § as [11]

M q

2K.K hpop)8 Less ()

Apjig =
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Fig. 4. (a) Representative boiling curves of 10 wicks having pore diameters of 3.2 pm, 5.4 pm, and 10.2 um. The arrows show the CHF for each curve. The uncertainty bars
in the heat flux measurement are smaller than the symbol size and generally less than + 2%. (b) Series of images showing boiling over active IO area at varying heat fluxes
as viewed from the top. The 10 sample (S11) has a heated area of 2.4 mm? (4.0 mm x 0.6 mm) and pore diameter of 5.4 pm.

Where p; and p; are liquid dynamic viscosity and density, re-
spectively, hg, is latent heat of vaporization, K is absolute perme-
ability of 10 wick, and K;; is relative permeability of liquid phase
accounting for partial saturation of vapor in the wick. As vapor
bubbles nucleate and grow inside the capillary wicks upon boil-
ing incipience, the effective fluid permeability for liquid transport
is reduced to K;; K, where K;; is a dimensionless fitting parame-
ter less than unity. The available capillary pressure of the porous
structure Ap. is decided by [2,46]

20 4o cosO

A = — =
pe Teff dp

(2)

Where o is surface tension, ry is effective pore radius of the
wick (rgr = dp/(2cost))), dp is pore diameter, and 6 is contact angle.
We solve for the capillary-limited dryout heat flux by balancing
Apjig With Ape, and arrive at the capillary limit of CHF as

80 K [Khg,0 cos 6
Mldplgff

4
QeapcHF =

(3)

While reducing effective wicking length of working fluid can
alleviate fluid supply limitation in capillary-driven boiling as sug-
gested by Eq. (3), vapor blanketing during vigorous boiling can im-
pede continuous liquid replenishing, leading to the boiling limit of
CHF. Vapor upward movement across the wick thickness is subject
to the viscous forces imposed by the porous wick. The pressure
drop to vent vapor from wick bottom to the ambient Ap, is given
by

My
Apy = mUv (4)
Where i, is vapor dynamic viscosity, § is 10 wick thickness, U,
is vapor velocity, K, *K is effective vapor permeability, and K, is
relative permeability of vapor phase considering partial saturation
of liquid. The vapor velocity U, is related to the applied heat flux
q” based on continuity and energy balance as

q//
U= (5)
fgPv
where py is vapor density, and hg, is latent heat of vaporization.
The vapor pressure drop Ap, should be compensated by an ele-
vation in vapor saturation pressure Aps at wick superheat AT = T,
- Ts, which can be estimated using the Clausius-Clayperon equation

[48,49]

APs_ hfg . hfgplpv (6)

AT ~ TAv ~ T(p - pv)

Where Ty, is wick temperature, T is saturation temperature, Av
is specific volume difference between the vapor and liquid phase,
and p; and py are liquid and vapor densities, respectively. By bal-
ancing Ap, with Aps, we arrive at the boiling limit of CHF ac-
counting for vapor transport limitation within the wick as

KrKh2 pi 03 AT
woTs(or — py)d

(7)

1
boit,cHF =
4. Results and discussion

4.1. The effect of liquid wicking length on CHF of capillary-driven
boiling

Eq. (3) shows that the capillary-limited critical heat flux varies
inversely with leffz, suggesting that as the liquid wicking distance
is decreased, the maximum heat flux of capillary-driven boiling
should increase due to a reduction in liquid transport resistance.
This enhancement in CHF, however, stops at short wicking lengths
where vapor transport becomes dominant (hence the boiling limit).
To validate the prediction, we perform experiments on 10 wicks
with similar wick thickness & but different wicking length [y (10
samples S1-S5, S13-S16, S26-S30, as in Table 1). Fig. 5 shows ex-
perimental CHFs of 10 wicks with d, of 3.2 ym, 5.4 pm, and 10.2
pm, and 8 roughly of 11 pm (S1-S5), 24 um (S13-S16), and 34
um (S26-S30), respectively. Liquid and vapor relative permeabili-
ties, K;; and Ky, are determined to be 0.15 and 0.11, respectively, by
best fit of experimental data (see Supplementary Information Sec-
tion VII), suggesting substantial decrease in flow mobility of one
phase due to the presence of the other. Our experimental results
show a transition from the capillary limit to boiling limit of CHF
as loy decreases. In the capillary limit regime, decreasing the wick-
ing length reduces the liquid viscous loss and enhances the CHF
of capillary-driven boiling from ~100 W cm~2 to ~1000 W cm2.
This enhancement trend is expected to continue until the boiling
limit becomes comparable to the capillary limit, where the boil-
ing performance is no longer limited by liquid capillary wicking,
but by vapor transport exiting the wick. Further decreasing I of
10 wicks in the boiling limit regime does not show a significant
benefit in CHF in Fig. 5, as predicted by Eq. (7).
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permeabilities of K,; = 0.15 and K;, = 0.11, respectively. The critical wicking length
where the transition between boiling limit and capillary limit occurs is shown to
decrease with wick thickness.

The intersection point of the capillary limit and boiling limit
decides the critical wicking length, I, at which the transition be-
tween two regimes occurs. By equating Eqs. (3) and (7), we derive
an analytical expression for I.; depending on wick thickness and
thermophysical properties of the working fluid as

1/2
8 [sxﬂom(pz—m)cose} !

leri = Do Krohjg/tidp AT

Compared to 10 wicks of dy = 3.2 pm, I,; of 10 wicks of
dy, = 10.2 pm is shown to increase from ~100 pm to ~300 um,
largely attributed to an increase in wick thickness (from 11 pm to
34 um). For 10 wicks of a given dp, I.; is expected to increase lin-
early with 8. To validate the effect of wick thickness on the critical
wicking length, we investigate CHF for IO structures of a fixed pore
diameter (dp = 5.4 pm) but of different wick thicknesses (I0 sam-
ples S8-S19), as shown in Fig. 6. Increasing 10 wick thickness facili-

(8)

tates liquid transport by reducing its viscous pressure drops, hence
the transition between boiling limit and capillary limit regimes of
CHF occurs at a larger liquid wicking distance.

4.2. The effect of wick thickness on CHF of capillary-driven boiling

To further investigate the effect of wick thickness on the maxi-
mum heat fluxes, 10 wicks with similar g but different § (2< 6 /
dp <6) are characterized (I0 samples S5-57, S20-S25, S30-532, as in
Table 1). As shown in Fig. 7, for constant dj and Ly, a trade-off be-
tween the increased cross-sectional area for liquid supply and the
increased transport resistance to vapor flow exiting the wick leads
to the existence of an optimal wick thickness that maximizes the
heat transfer performance. In the capillary limit regime where §
is small, increasing § results in an increase in flow cross-sectional
area for liquid wicking and a concomitant decrease in the viscous
losses of liquid supply, which in turn leads to a linear increase
in CHF. The increase in maximum heat flux, however, is shown
to decrease after reaching an optimal § (i.e., §op), beyond which
point the increased drag resistance on vapor flow escaping the
wick dominates over the gain in liquid transport capability. Fur-
ther increase in § adds to vapor pressure losses with CHF shown
to decrease as § increases, suggesting a transition to the boiling
limit regime. The optimal wick thickness §qp: can be determined
by

(9)

11vo Ts(pr — py) cos &

For similar Ly &~ 150 pm, dqpr varies within a small range (15
pm <8opr < 20 pm) for IO structures of different dp (3.2 pm <
dp < 10.2 pm). This is mostly due to an increase in wick super-
heat at maximum heat dissipation as d, decreases. The maximum
heat flux of boiling, however, is very sensitive to the choice of dp,
as CHF enhances from ~ 500 W cm~—2 to ~ 1100 W cm~2 while
dp increases from 3.2 pm to 10.2 pm owning to an improvement
in wick absolute permeability K (K~ dp? for similar wick porosi-
ties). For IO structures of a fixed dp, as dqp varies linearly with
legr, a thicker wick is desired for porous wicks of large footprints
(hence large liquid wicking lengths). However, achieving high heat
fluxes as wick thickness increases is difficult, since the maximum
heat flux that can be sustained by the wick (i.e. the boiling limit of
CHF) decreases as wick thickness increases (q”poi, cup ~ 8 !). This
suggests a competing mechanism between optimizing the CHF and
increasing wick footprint. To extend heated area while still achiev-

Keypihpgdp AT 12
Sopt = pvleff 8K
3
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Fig. 8. Comparison between the experimentally characterized CHF of capillary-
driven boiling from 10 wicks and the model prediction. The semi-analytical model
agrees reasonably well with our experiments by fitting liquid and vapor relative
permeabilities K;; = 0.15 and K, = 0.11. The black solid line is a 45° line for com-
parison between modeling and experiments and the +30% and -30% dashed lines
show the upper and lower bonds of comparison, respectively. The uncertainty bars
on the model critical heat flux are obtained from the measurement uncertainty in
microporous wick thickness and fluid permeability via error propagation analysis.

ing high heat fluxes, reducing L5 of working fluid supply using bi-
porous wick designs (with low flow resistance channels enabled by
larger pores) or incorporating three-dimensional manifold to uni-
formly distribute liquid can be pursued in future study.

All experimental data of 0 wicks are plotted against model pre-
dictions in Fig. 8. By fitting liquid and vapor relative permeabili-
ties K;; = 0.15 and Ky = 0.11 at maximum heat fluxes, the experi-
mental data agrees with the model prediction within + 30% accu-
racy. The discrepancy between experimental data and CHF model-
ing is partially accounted for by variations in absolute permeabil-
ity K caused by nonuniform neck diameter of I0 microstructures
(Fig. 2). In Fig. 7, we plot the upper and lower limits of predicted
heat fluxes by including the standard deviation of neck diameter

distribution into permeability calculations, and most experimental
data are shown to lie within the range of predicted heat fluxes. Ad-
ditionally, local variability in the microstructure of capillary wicks
can also lead to variation of heat density and nonuniform tempera-
ture across the active area, while in our model we assume uniform
wick temperature and bubble generation rate. This simplifying as-
sumption can be another contributing factor for the discrepancy
between experiment and modeling.

Prior experimental studies have shown that the relative perme-
ability in a given multiphase flow system primarily depends on
the void fraction, or saturation, occupied by a fluid phase [50-52].
Within the experimental range of this work, liquid and vapor rel-
ative permeabilities at maximum heat fluxes remain roughly con-
stant for [0 wicks of different pore diameters, suggesting a simi-
lar two-phase flow pattern (hence similar liquid and vapor phase
saturations) in IO structures at boiling crises resulted from similar-
ity in pore morphology. Porous wicks of different structural mor-
phologies, such as micropillars and sintered particles, likely offer
distinct combinations of liquid and vapor relative permeabilities.
For example, capillary-driven boiling from silicon micropillars has
shown a liquid saturation of 0.65 at maximum heat dissipation in
the capillary-limited regime, which corresponds to a liquid relative
permeability of ~0.12 [19]. Moreover, boiling experiments from bi-
porous glass particle wicks have shown that vapor preferably fill
the larger pores while liquid mainly flows through the smaller
pores [53]. Thus heterogeneous porous wicks offer the opportu-
nity of enhancing the heat dissipation capability of capillary-driven
boiling by tailoring the saturation conditions and relative perme-
abilities of liquid and vapor phases. Aside from wick design opti-
mization, liquid and vapor transport in porous wicks may also rely
on the flow direction of one phase with respect to the other. Boil-
ing heat transfer performances may potentially benefit from sepa-
rating the liquid and vapor transport pathways within the porous
wicks during phase change processes, such as utilizing suspended
porous wicks with liquid flow in parallel to vapor flow instead
of in perpendicular direction [41,54]. The manufacturing difficulty
of such liquid supply configuration and its applicability to two-
phase heat spreaders such as vapor chambers and micro heat pipes
would require careful consideration.

5. Conclusion
In conclusion, we experimentally investigate capillary-driven

boiling performance in well-ordered copper inverse opals wicks
with pore diameter ranging from 3.2 pm to 10.2 pm and wick
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thickness ranging from 10 pm to 40 pm. A thermal-fluidic model
is developed to corroborate the experimental critical heat fluxes of
capillary-driven boiling by simultaneously considering both liquid
and vapor transport within the microporous wicks. Our model and
experiments show a transition of CHF from the capillary limit to
the boiling limit for a given 10 wick thickness as the liquid wicking
distance decreases. Below this critical wicking length, vapor trans-
port exiting the wick plays a dominant role in determining the
maximum heat fluxes. Furthermore, the model and experiments
show that there is an optimum wick thickness that maximizes the
boiling heat fluxes for a given heating area. While thin microp-
orous wicks can potentially achieve high boiling limit of CHF, they
concurrently act to increase liquid lateral transport resistances thus
demanding shorter liquid wicking lengths. The competing mecha-
nism of improving the CHF and increasing wick footprint requires
careful wick design and detailed liquid supply considerations.

Our experimental results are directly applicable to thermal
management of high heat fluxes. Heat fluxes exceeding 1 kW cm~2
can be dissipated at low wick superheat (~10°C) via boiling from
the nanoengineered/heated 10 area using passive capillary wick-
ing. Additionally, the 10 wicking structures with thicknesses be-
low 50 pum are of particular interest for integration into ultra-thin
vapor chambers with total device thicknesses of less than 1 mm.
While 10 structures represent an important class of porous mor-
phologies, the thermal-fluidic model outlined here can be adopted
to analyze two-phase flow transport capabilities leading to CHF in
other porous wicks, such as sintered copper, micropillar arrays, or
nanowire networks. Our model will assist to better understand the
liquid and vapor transport in nanostructured porous metals during
capillary-driven boiling and provide useful guidelines to wicking
structure design of high-performance phase-change systems.
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