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Abstract

Energy management issues of high-power units become serious because of the miniaturization of
electronic components; the heat flux of heated surfaces can rise above 250 W/cm?. The cooling systems
typically result in considerable energy consumption for ensuring its cooling efficiency; to prevent the
system failure, power plants require generating more electric power, feeding the amount of carbon
dioxide into the environment and thus worsens global warming.

Among cooling methods applying in industrial fields, boiling heat transfer is the most potential
cooling method for resolving energy consumption issues accompanied by climate change. The overall
boiling heat transfer performance is significantly enhanced by augmenting the capillary wicking within
structured surfaces for ensuring the surface coolant supply.

Of wicking characteristics in boiling heat transfer, polymerized surfaces with bending pillar
arrays can guide bulk liquid in the direction of interest. This unique wicking characteristic significantly
enhances surface wickability when liquid propagation corresponds with the pillar tilted direction. In
this study, we first experimentally investigated the effect of the polymerized pillar surface regarding
wicking direction on heat transfer under subcooled flow boiling conditions (40 K). When the pillar
deflection was toward the direction of liquid propagation (compared to against the flow direction), the
unidirectional wicking enhanced the critical heat flux (CHF) by 6-31%, showing a strong directional
dependence. Experimental results could optimize the design of anisotropic wicking surfaces for
enhancing boiling heat transfer.
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Greek letters

a

Heated area (m?)
Pillar diameter (um)
Liquid driving force (N)

Liquid pinning force (N)

Heat transfer coefficient (W/m?K)

Imported current (A)
Thermal conductivity (W/m-K)
Length (m)

Thickness (um)
Wicking distance (mm)
Pillar spacing (um)
Total input heat (W)
Heat flux (W/m?)

Heat loss (W/m?)
Reynolds number
Solid fraction
Temperature (°C)
Time (s)

Imported voltage (V)

Wicking coefficient (mm/s®?)

Advancing contact angle (°)
Receding contact angle (°)
Linear fraction of contact line

Static contact angle (°)



) = Perpendicular spacing (im)

o = Pillar tilt angle (°)
Subscripts

a = Advancing
c = Contact

d = Driving

e = Entrance

£ = Fluid

h = Hydraulic

0 = Intrinsic

D = Pinning

R = RTD sensor
r = Receding

S = Surface

Si = Silicon

w = Heated wall



1. Introduction

Recently, energy management issues of supercomputers, refrigerators, and electronic
devices have become seriously owing to the miniaturization of electronic components; the heat
flux of heated surfaces can rise above 250 W/cm?. To release such heat, the cooling systems
typically result in considerable energy consumption to ensure cooling efficiency [1-2]. In this
regard, power plants generate more electric power to prevent system failure, while an amount
of carbon dioxide feeds into the environment, accelerating global warming (particularly for
thermal power plants) simultaneously. Hence, the cooling mechanisms of high-power units
must efficiently transmit heat energy from target surfaces to stabilize climate change.

Among the cooling methods applied in industrial fields, heat dissipation capacities of
heated surfaces releasing heat via phase change (approach 80,000 W/m?-K) are significantly
higher than those with single-phase cooling (below 10000 W/m?-K) [3]. Thus, the phase-
change heat transfer mechanism is the most potential cooling method for resolving energy
consumption issues accompanied by global warming.

In phase-change heat transfer, boiling heat transfer is the high-efficient cooling method
for high-power units. The overall boiling heat transfer performance is significantly enhanced
by ensuring the surface coolant supplied capacity associated with structured surfaces' wicking
characteristics. Water can be directionally repelled or imbibed on biologically inspired surfaces
having micro-/nanostructures via capillary pumping (interfacial wicking) [4-5]. Of the
capillary wicking, biological surfaces (the lotus leaf, butterfly wings, and insect exoskeletons)
inspired researchers to create micro/nano-wicked structures, generating energy gradients
exhibiting beneficial wicking characteristics. Apart from surface topography, chemical
modification of patterned surfaces also contributes to surface wettability by coating with thin
hydrophilic or hydrophobic layers, respectively [6-7].

The wicking characteristics of structured surfaces reflect the rewetting capacity on
heated surfaces and greatly enhance boiling heat transfer. Partial dry-out of heated surfaces
develops as vapor bubbles form vigorously on heated walls where surface rewetting is
relatively low compared to the evaporation rate. Consequently, a vapor film appears on surfaces
engaging in heat transmission, creating a sudden transition to a boiling crisis (i.e., the heat flux
attains a critical heat flux [CHF] [8-9] because of low liquid supply). This detrimental effect
on boiling heat transfer can be prevented by improving the rewettability of the heated surface,

thus delaying film boiling. On the other hand, enhancement of surface hydrophobicity



augments heat dissipation; hydrophobic surfaces exhibit high heat transfer coefficients (HTCs)
attributable to active bubble agitation in the superheated evaporative layer during low heat flux
[10-11]. However, a hydrophobic surface is very prone to premature dry-out due to its poor
wickability that compromises the rewetting of the heated surface.

The influence of surface topography (the wicking characteristics) on boiling heat transfer
has been experimentally explored [12-18]. Wen et al. [12] created surfaces of Cu-woven micro-
meshes (one or more layers) to explore pool boiling heat transfer. When the number of
microlayers increased, the overall CHF and HTC enhanced significantly due to the improved
capillary pumping, indicating that the surface wicking characteristics dominated boiling heat
transfer. The effects of capillary pumping on boiling heat transfer have also been observed on
surfaces with nanopillar [ 13-15] and micropillar [ 16-18] arrays. Wang et al. [ 15] experimentally
examined the effect of microchannels (with nanowires) on two-phase boiling under forced
convective subcooling conditions (30 K); the microchannels significantly improved capillary
pumping compared to that of the plain surface. Similarly, two-phase heat transfer improved
when capillary flow was enhanced by hierarchical wicking structures [17]. The surfaces
consisted of micropillars of various configurations with super-hydrophilic nano-nickel coatings.
Compared to nonwetting flat surfaces, micro-/nano-pillar surfaces exhibited notable
improvements in capillary wicking, showing that this was enhanced by manipulating the
surface roughness and the geometry. In brief, enhancement of two-phase boiling is directly
associated with enhanced capillary pumping afforded by micro-/nano-structured surfaces. This
facilitates surface rewetting during nucleate boiling.

Liquids may spread isotopically (in all directions) on a surface, but an anisotropic
wicking surface can drive liquid in the direction of the surface energy gradient on artificial
surfaces; wicking then exhibits a strong directional dependence called unidirectional wicking.
Several studies have investigated liquid propagation on micro-structured surfaces featuring
tunable micro-wrinkles [19-20], chemical stripes [21], microgrooves [22-24], and micropillars
[25-26]. On surfaces featuring parallel hydrophilic and hydrophobic stripes [21], liquid moves
in a direction perpendicular to the edge of the stripe patterns and not in the direction parallel to
the pattern edge. Of note, water droplets moved along stripe-patterned surfaces exhibiting
surface wettability gradients when the hydrophobic:hydrophilic stripe width ratio was reduced.
Their results showed that the spread is anisotropic and chemical surface modification can
strengthen the unidirectional wicking. On micropillared surfaces, water droplets move in the

direction of pillar tilting, generating the unidirectional wicking. Chu et al. [25] deposited thin



gold layers of various thicknesses on the surfaces of silicon nanopillars tilted from 2 to 52°

and experimentally evaluated the liquid spreading. When a droplet was placed on a surface, the
droplet moved in the direction of nanopillar deflection, indicating that interfacial wicking can
be enhanced by guiding liquid in a single direction via manipulation of the surface topography.

As mentioned above, the unidirectional wicking is often observed on surfaces with
anisotropic wicking structures, including chemical gradients and structural micropillar arrays
made of polymers. The effects of such surfaces on flow boiling have not been experimentally
investigated. We first experimentally explored the effects of anisotropic wicking surfaces on
the wicking direction during flow boiling under subcooled conditions (40 K). The surfaces
featured bent pillars spaced at 250 and 500 pm. A 200-nm-thick hydrophilic layer was
uniformly deposited on pillar surfaces to further augment surface wickability. We determined
the effect of the relative wicking direction on boiling heat transfer by analyzing wicking per se

and the relationship between the liquid pinning and driving forces (Fig. 1).

2. Materials and Methods
2.1 Fabrication of anisotropic wicking surfaces with tilted pillars

The fabrication process of the test surfaces is shown in Fig. 2(a). We used
Polydimethylsiloxane (PDMS) materials to create vertical PDMS pillar arrays on silicon
substrates based on a 2-step replica modeling method [27-29]. First, silicon molds composed
of vertical pillar arrays were coated with a 200-nm release agent (parylene C) for reducing the

adhesion of PDMS materials. Subsequently, PDMS solutions with a mixed ratio of 10:1 were

poured on the silicon molds and cured at 80°C for 7 hours in a convection oven; PDMS stamps

composed of various circular cavities with 250 um and 500 um spacings were created after
peeling off the cured PDMS part from the silicon mold.

Next, the 200 nm release agent was uniformly coated on the PDMS stamps using an e-
beam evaporator (KIST, Korea), and the prepared PDMS solution (10:1) was poured on the
PDMS stamps; here, a sharp surgy knife was used to remove the excess PDMS. After that, the
PDMS stamps were vertically placed on a silicon substrate and pressed by metal blocks with a
total weight of 2 kg following the same curing procedure. Consequently, surfaces consisted of
vertical PDMS pillars and silicon substrates were fabricated by removing the PDMS stamps

from the silicon surface.



Figure 2(b) shows the pillar tilting process on a surface with vertical PDMS pillars. After

curing at 80°C for 7 hours, the surface was laid on a quartz plate in a sputter coater at a fixed
angle of 45°. One side of each pillar was gold-coated (200-nm in thickness) at 0.267 nm/s; the
pillars were thus tilted by an average angle (¢) of 30°. Subsequently, the entire pillar surface

was uniformly coated with 200 nm of SiO2 to chemically strengthen unidirectional wicking
[Fig. 2(c)].
In general, surface rewetting can be directly evaluated by measuring apparent surface

contact angles (CAs), as discussed in the next section.

2.2 Surface wettabilities of surfaces with chemical coatings

Figure 3(a) shows a PDMS stamp placed vertically on a silicon substrate; the stamp is
composed of vertical pillar arrays with variations in pillar spacing. We evaluated the bases of
test surfaces because it was difficult to measure the thicknesses of chemical coatings on
deflected PDMS pillars. A thin PDMS membrane (average thickness 200 nm) remained
between the pillar arrays and the silicon substrate; herein, the average thickness of the SiO2
and gold hydrophilic coatings were approximately 200 nm which was estimated via scanning
electron microscopy (SEM) [Fig. 3(b) and (c)]. Notably, an additional 20-nm-gold layer was
further deposited on the hydrophobic pillar surfaces after bending treatments to ensure the
homogeneity. The configurations of the anisotropic wicking surfaces are summarized in Table
1, where the pillar diameter (d) and length (L) were 50 and 300 pm respectively, with spacings
of 250 and 500 pm between neighboring pillars.

The apparent surface CAs on test surfaces are shown in Fig. 3(d); all measurements were
conducted by depositing 5-uL droplets onto the surfaces, followed by drop shape analysis
(DSA100 instrument; Kriiss, Hamburg, Germany). As the results, anisotropic wicking surfaces
with hydrophilic coatings evidenced high wettability; the CAs were 5 + 0.6° and 10 + 1.1°
for the surfaces of deflecting pillars spaced at 250 and 500 um, respectively. In contrast, the

apparent CAs on hydrophobic surfaces with such spacings were 141 + 2.1° and 122 + 2.2°

respectively, indicating that hydrophilic coatings greatly enhanced surface rewetting, and thus

(possibly) boiling heat transfer. Next, we will discuss the data reduction required.

2.3 Experimental setup and procedure

We used four systems of equipment when investigating how unidirectional wicking

affected boiling heat transfer: a water supply, a flow chamber, a heater, and a data recorder [Fig.



4(a)]. The working fluid was deionized water (18.2 MQ/cm) held in a 44-L tank with a pressure
valve at the top. An immersion heater (Hanil Industrial Machine Co., Gwangju, Korea) was

used to maintain the fluid at 100°C for 2 hours (this removed all gas and contaminants). The
inlet temperature of the working fluid was held at 59.3 + 0.4°C by a heater (model 131001694)

within the closed-loop system and pumped into the flow chamber by a magnetic pump (TXS5.3
or SUS316; Tuthil Co., Burr Ridge, IL, USA) and an electric motor (LG-OTIS 3,500 rpm,
Korea). A flow meter (Ultra Mass MK 11, Tokyo, Japan) detected the mass flow rate of the
working fluid (which was maintained at 0.51 kg/min). The flow chamber was a rectangular
channel, 5 mm in both length and width (D=5 mm) constructed from polyetheretherketone
(PEEK) with low thermal conductivity (kK = 0.25 W/m-K). Bubbles on test surfaces were
observed through two quartz windows on the side of the flow chamber. The length of the
upstream flow chamber (Lc) was longer than that required to generate a fully developed flow
before the working fluid reached the test surfaces. The Reynolds number was 3,600 and the
required length was thus 86.13 mm based on 4.4-Re'®-D.

For heating, a direct current (DC) power supply (300 V-10 A; KSC, Korea) was connected
to copper bus bars below the test surfaces to produce heat by importing different rated powers;
herein, an 800-nm indium tin oxide (ITO) layer was deposited on resistance temperature
detected sensors (RTDs) as a thin film heater. The heated area of each RTD was 5 mm in width
and 10 mm in length. Upon the ITO coated layer, 100-nm Au layers were further deposited on
the heater surface for stabilizing the electric current supply during the experiments, as shown
in Fig. 4(b) and (c). A high-conductivity silver paste (electrical resistivity 10 Q-cm) was used
to reduce the contact resistances of surfaces between the copper bus bar and the electrodes of
the resistance temperature detector (RTD) sensors.

Furthermore, the data-recording equipment included the RTD sensors, a signal module, a
data recorder (model 3490A; Agilent Technologies, Santa Clara, CA, USA), and K-type
thermocouples (Omega Engineering, Stamford, CT, USA). The working fluid was measured
by K-type thermocouples placed at the inlet and outlet of the flow chamber; the temperature
gradients of heated walls were detected using the RTD sensors during the experiments. All
temperature data were collected and analyzed on a personal computer. Fig. 4(d) schematically
depicts the location of temperature-measured components in the flow channel. More
information on the experimental setup and fabrication of the RTD sensors was given in our

previous studies [30-32].



3. Results and Discussion
3.1 Boiling heat transfer characteristics on anisotropic wicking surfaces

Figure 5(a) and (b) show the boiling characteristics of various test surfaces under
subcooled flow boiling (40 K). The mass flow rate was 0.51 kg/min (Re = 3,600). A surface
with a 200-nm-thick PDMS membrane served as the reference when examining the influence
of the unidirectional wicking on wicking direction during boiling heat transfer. Hydrophilic,

anisotropic wicking surfaces (pillar tilt angle 30°) varying in terms of pillar spacing improved

the CHF (to 210-248 W/cm?) compared to the bare PDMS surface (185 W/cm?). However, a
test surface without the SiO2 coating exhibited a similar trend (113-148 W/cm?) compared to
a hydrophobic, bare PDMS surface, indicating that the boiling crisis was effectively delayed
by the unidirectional wicking and that CHF enhancement could be further increased by
chemical coating of a hydrophilic layer to strengthen surface rewetting.

Generally, the spacing between pillar arrays affects the capillary pumping within pillars;
the cooling liquid must pass through heated surfaces for delaying the CHF [33-34]. This was
observed when wicking was anisotropic; hydrophilic surfaces of deflected PDMS npillars
spaced at 250 um exhibited a higher CHF (by 9-11%) than did surfaces with pillars spaced at
500 um. The influence of pillar spacing on the CHFs of hydrophobic surfaces was insignificant.

Notably, significant CHF enhancement of the unidirectional wicking was observed when
pillar deflection was toward rather than against the flow. Hydrophobic anisotropic wicking
surfaces remarkably improved the CHF (by 29-31%) compared to surfaces composed of pillars
deflected against the flow. In contrast, hydrophilic surfaces with the anisotropic wicking
structures did not significantly improve the CHF, which increased by only 6—9% compared to
that of surfaces with pillars deflected against the flow. The differences in CHF enhancement
between hydrophobic and hydrophilic anisotropic wicking surfaces are attributable to the
chemical hydrophilic layers, which improved surface wettability but reduced the difference
between the relative and mainstream wicking directions during boiling heat transfer. In other
words, the overall boiling heat transfer performance under subcooled flow (40 K) was

simultaneously dominated by surface wettability, pillar spacing, and the tilts of the deflecting



pillars of anisotropic wicking surfaces. The pillar deflection maximally affected flow boiling.

Figure 5(c) shows the HTCs for various test surfaces and reflects the effects of surface
wettability, pillar spacing, and pillar deflection. The relative heat flux on test surfaces was
approached the boiling crisis. First, the overall HTCs were higher on anisotropic wicking
surfaces than on bare PDMS surfaces; the enhancements were 14-63% and 8-29% for
hydrophilic and hydrophobic surfaces, respectively. The improved HTCs were significantly
higher on hydrophilic surfaces than on hydrophobic surfaces; enhanced surface wettability both
delayed the CHF and extended the HTC. Reduced spacing between deflected pillars increased
the HTCs of anisotropic wicking surfaces, referable to more active bubble nucleation on
surfaces with narrow rather than wide spaces between deflecting pillars. Here, the bubble
characteristics of hydrophilic surfaces having bending pillars spaced at 250 um and 500 pm
are shown in supplementary materials.

The local HTCs of surfaces with pillars deflected along the flow direction were
significantly higher than those of surfaces with pillars that opposed convective flow; by 25—
28% and 20-36% for hydrophilic and hydrophobic surfaces, respectively. The experimental
HTC data supported an earlier suggestion that boiling heat transfer under subcooled flow
boiling (40 K) was mainly dominated by the unidirectional wicking in terms of pillar deflection.

Turning to the effect of surface wettability on anisotropic wicking surfaces, the
relationship between the apparent CAs and the CHFs of the various test surfaces is discussed

in the next section.

3.2 Influence of the surface wettability of anisotropic wicking surfaces on the CHF

Figure 6 shows the CHFs as functions of the measured CAs for the various test surfaces;
the experimental results were compared to those of a CHF model that considered the effect of
surface wettability on flow boiling [35]. The most direct means of surface wettability
evaluation is via measurement of the surface CAs of hemispherical water droplets placed on
test surfaces. Generally, wettability can be divided into two types depending on the surface

CA:s, thus that of hydrophilic (CA = 0-90°) and hydrophobic (CA = 90-180°) surfaces.

Accordingly, the overall CHFs of test surfaces decreased as the surface changed from
hydrophilic to hydrophobic, in agreement with the CHF versus surface CA variations proposed
in [35]. The decreasing CHF reflected principally the fact that low surface wettability
compromised the rewetting associated with a sudden transition of film boiling. Notably,

anisotropic wicking surfaces with the same pillar configurations exhibited different CHF values



although the measured surface CAs did not change. In particular, the CHF of anisotropic
wicking surfaces fell when the pillars were tilted against convective flow, indicating that
surface rewetting was dominated by the relative wicking direction. We measured various

wicking characteristics to determine the effect of unidirectional wicking on surface rewetting.

3.3 Effect of pillar tilt direction on wicking characteristics

Figure 7(a) shows the wicking characteristics of the hydrophilic anisotropic wicking
surfaces. Before measuring wicking, the direction of the deflecting pillars was perpendicular
to the container filled with DI water. We tested wicking by gradually moving the test plate
downward until it attained the water surface and recorded wicking using the high-speed camera.
Hydrophilic test surfaces were considered representative when determining wicking
characteristics because hydrophobic surfaces did not exhibit significant wicking. When
anisotropic surfaces contacted the DI water, bulk water flowed vertically toward the top of each
test surface, powered by capillary pumping. Surfaces on which the deflecting pillars were
spaced at 250 pm exhibited longer wicking than did those with pillars spaced at 500 um, from
0 to 0.1 s. Thus, surface wickability improved on narrowing of the spacing between pillars.

Apart from this spacing effect, pillar direction influenced wicking characteristics. From 0
to 0.1 s, bulk water passed through half of the test surface with a pillar spacing of 250 um when
wicking was in the direction of pillar deflection. In contrast, only a little water flowed when
wicking was against the direction of pillar tilt. The flow behaviors on surfaces with pillars
spaced at 500 um were similar, indicating that strong pinning forces developed when the pillars
were tilted against the direction of liquid propagation.

Figure 7(b) shows the average wicking velocities for the various test surfaces. These were
given by W = [,/t"°, where W is the wicking coefficient, which representing the wicking
velocity, lw is the wicking distance, and t is the liquid propagation time [36]. The overall
wicking velocities of surfaces with deflecting pillars spaced at 250 um (16.4 and 21.6 mm/s*?)
were significantly higher than those of surfaces with pillars spaced at 500 um (5.8 and 9.5
mm/s’?); the results showing that the surface rewetting capacity was enhanced by narrowing
the pillar spacing. On the other hand, the wicking velocity increased when the pillars were tilted
towards the direction of liquid propagation compared to those surfaces against the flow
direction of bulk water by 32 and 64% for surfaces with spacings of 250 and 500 pm.

These experimental observations indicated that the surface wickability of hydrophilic



anisotropic surfaces could be improved both by narrowing the between-pillar spacing and
varying pillar deflection. Surface-rewetting improved significantly when the pillars were
deflected toward the direction of liquid propagation; the pillars augmented capillary pumping
by generating unidirectional wicking along with the convective flow, as shown in Fig. 8. This
enhanced the overall boiling heat transfer performance under subcooled flow conditions (40

K), in line with the experimental results.

3.4 Effect of the Fpin:Fra force ratio and the wicking direction on surface rewetting

Enhancements of both the HTC and CHF of anisotropic wicking surfaces were
experimentally evident on bubble visualization and measurement of wicking characteristics,
respectively. The underlying mechanism is the directional effect of deflecting pillars that
generate various forces that pin and drive bulk liquid. These forces are the Fp and the Fq, which
can be estimated using the model of Malvadkar et al. [37], who evaluated the wetting
characteristics of water droplets on anisotropic wicking surfaces. It was experimentally shown
that water droplets could be pinned on and released from surfaces of obliquely aligned
polymerized pillars by varying the direction of pillar deflection. Thus, we estimated the liquid
pinning and driving forces (Fp and F4) on various test surfaces to explore the relationship
between the direction of unidirectional wicking and the boiling heat transfer characteristics
under 40 K-subcooled flow.

According to the previous work [37], the force ratio (Fp/Fd) on an anisotropic wicking
surface can be approximately estimated using the intrinsic advancing CA (8,) and receding CA
(6,) of a water droplet on test surfaces. Notably, the dynamic CAs used for force ratio
estimating were determined from bare PDMS surfaces reflecting the dynamic CAs on surfaces
composed of bending pillar arrays. Thus, we measured the dynamic CAs of water droplets on
hydrophilic and hydrophobic bare PDMS surfaces by depositing 5-uL amounts on the test
surfaces and recording behaviors using the high-speed camera, as shown in Fig. 9(a). In
addition, we further measured the dynamic CAs on surfaces composed of bending pillar arrays
spaced at 250 um for determining the confidence of the predicted force ratios; herein, the
hydrophilic-bending pillar surface with 250-um spacing was selected as the representative case
as shown in Fig. 9 (b). The images were analyzed with the aid of the DSA-100 drop shape
analyzer; the results are given in Table 3.

The force ratio of the liquid pinning (Fp) and driving (Fa) forces is given by:

Fp _ cosbrp—cosbyy

= (7)

Fgq €0s 08y 4q—Cc0s 0,4




where cos 6., and cos 6, are the predicted receding and advancing CAs on test surfaces in
the pinning direction when the pillar deflection opposes liquid propagation, and cos 8, ; and
cos B, 4 are the predicted receding and advancing CAs on the same surfaces in the driving

direction when the pillar deflection aids liquid propagation.

In the pinning direction, the predicted advancing (6, 5,) and receding (6, ,) CAs are given
by:
Bap =V -min(m,a, +¢) + (1 -y)n (&)
bp =7 Bo—9)+(1-1)m %)
where y is the linear fraction of the contact line on the pillar surface, a, and S, are the
measured advancing and receding CAs on a bare PDMS surface (i.e., both the hydrophilic and
hydrophobic surfaces were measured, respectively), and ¢ is the pillar tilt angle. Herein, the
linear fraction of the contact line (y) is defined as:
y =mns/2{[1 + (m/2 - Ds]} (10)
s=d/(d+9) (11)
where s is the solid fraction, d is the pillar diameter, and ¥ is the perpendicular spacing
between the pillars.

Conversely, in the driving direction, the predicted advancing (6, ;) and receding (6, 4)

CAs are given by:
00 =y - min[m, max (8a1, 6a2)] + (1 —¥)7 (12)
Ora=v Boto-—m/)+(A—y)m (13)

where 6,, is the predicted advancing CA as the leading edge of a droplet attains the
neighboring pillar, and 6,, is the predicted advancing CA as a droplet moves along the pillar
array [37]. The advancing CAs (6,, and 6,,) are defined by:
04, =31/2 — @ —tan"1(cotg /(1 —5)) (14)
Bz =, +1/2—¢ (15)
The ratio of the liquid pinning to the driving forces on an anisotropic wicking surface was
estimated by substituting the relevant parameters and the measured dynamic CAs on
hydrophilic and hydrophobic bare PDMS surfaces into these equations. The variables for
deflecting PDMS pillars were 50 um for the diameter (d), 200 um for the perpendicular

distance between the pillars (9), and 30° for the pillar tilt angle (¢), which were measured via



SEM images. Thus, the force ratios for surfaces with pillars spaced at 250 and 500 um in the
driving direction were approximately 0.52 and 0.53; those for hydrophobic surfaces were 0.57
and 0.58, respectively. Furthermore, the confidence of the force ratios was further determined
using predicted dynamic CAs and actual dynamic CAs of bending pillar surfaces with 250-um
spacing, as shown in Fig. 9(c). The force ratio predicted using the actual dynamic CAs showed
a well-agreement with those forces estimated with the predicted dynamic CAs, revealing a 95%
confidence, accordingly.

Moreover, the predicted force ratio for an anisotropic wicking surface was also in good
agreement with the experimental results of boiling heat transfer under subcooled flow
conditions (40 K). Fig. 10 shows the relationship between the CHF and the predicted force
ratio for various anisotropic wicking surfaces. In the driving direction, the hydrophilic surfaces
exhibited CHF enhancements at lower force ratios than those of hydrophobic surfaces.
However, CHF improvements on hydrophilic surfaces were also observed in the pinning
direction, showing that the CHF was dominated by surface wettability. Narrowing the pillar
spacing increased the CHF but did not significantly affect the predicted force ratio. The CHF
improvement indicated that pillar spacing dominated the surface rewetting of hydrophilic
surfaces by enhancing interfacial capillary pumping.

It is noteworthy that the overall CHFs of both hydrophilic and hydrophobic surfaces
remarkably improved when the pillars were deflected toward the direction of convective flow
compared to those surfaces against the main flow steam. The boiling heat transfer
characteristics of subcooled flow were dominated by surface wettability, the pillar spacing, and
the wicking direction; herein, boiling heat transfer was primarily influenced by pillar deflection.
Among the test surfaces, the hydrophilic surface with deflecting PDMS pillars spaced at 250

pum on a silicon substrate was optimal.

4. Conclusions

Anisotropic wicking surfaces of deflected PDMS pillars (average tilt angle 30°) that

varied in terms of between-pillar spacing directionally manipulated rewetting and considerably
improved the CHF and the HTC during subcooled flow. We explored the chemical and
structural effects of surface wettability, pillar spacing, and wunidirectional wicking
characteristics on boiling heat transfer at 40 K of subcooling. We measured heat transfer, the

surface wicking, and bubble parameters. Our key conclusions are:



1. The overall CHF and HTC on anisotropic wicking surfaces with varied pillar
spacings were significantly greater than those on hydrophilic and hydrophobic bare
PDMS surfaces (by 14-34 and 6-23% respectively).

2. Narrowing the pillar spacing from 500 to 250 um promoted bubble nucleation and
enhanced capillary pumping.

3. Capillary pumping was enhanced on hydrophilic surfaces when the pillars were
deflected towards the direction of liquid propagation, but the liquid became pinned
to the surface when the pillars were tilted against the flow direction. Thus, wicking
was directionally dependent on surface wickability. The wicking velocities on
surfaces with driving pillars spaced at 250 and 500 pm improved by 32 and 64%
respectively.

4. Both hydrophilic and hydrophobic surfaces composed of deflecting pillars improved
the CHF and were associated with relatively low force ratios (Fp:Fa) in the driving
compared to the pinning direction; the enhancements in the CHF were 6-9% and 29—
31% respectively.

5. Of anisotropic wicking surfaces, the hydrophilic surface featuring deflecting pillars
spaced at 250 pm were optimal, which afforded the highest boiling heat transfer
performance during subcooled flow. Our experimental results and analysis of the
relationship between the force ratio on anisotropic wicking surfaces, and the relative
boiling characteristics, can be used to optimize anisotropic wicking for improving

boiling heat transfer.
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Table Captions

Table 1. The details of the deflecting PDMS-based pillar surfaces.

Table 2. The dynamic contact angles on test surfaces.



Table 1 The details of the deflecting PDMS-based pillar surfaces

. Spacings between . Averaged ) .

Surface wettability pillars [um] Alignment tilting angle [°] Diameter [um] Height [um]
Hydrophobic 250 Deflecting 30 50 300
Hydrophobic 500 Deflecting 30 50 300
Hydrophilic 250 Deflecting 30 50 300
Hydrophilic 500 Deflecting 30 50 300




Table 2 The dynamic contact angles on test surfaces

Bare PDMS
Hydrophilic Hydrophobic
a [7] B[] a [] B[]
65+1.3 45 +0.8 99+1.5 7511
P250
Hydrophilic Hydrophobic
Toward Against Toward Against

[T B[] alT B[] [T B[] a [T B[]
33+0.8 15+0.3 70+0.6 53+04 92+0.7 81+05 99:0.6 8705
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Figure Captions

A schematic of the effects of wicking direction on anisotropic wicking during
subcooled flow boiling.

(a) Fabrication process of vertical PDMS pillar arrays on silicon substrates(b) A
schematic of pillar bending to 30°via sputter coating. (c) Scanning electron

microscopy (SEM) images of surfaces with bent pillar arrays spaced at 250 and 500
pum.

(a) PDMS stamps on a silicon substrate. (b) The several layers lying between the
polymerized pillar arrays and the silicon substrates. (c) PDMS pillars with 200-nm-
thick Si02 coatings. (d) The apparent surface contact angles of various PDMS
surfaces.

(a) Evaluation of subcooled flow boiling. (b) A resistance temperature detector (RTD)
sensor. (¢) Copper bus bars loading on chemically coating layers consisted of Au
electrodes and ITO heater. (d) Location of temperature components in the flow
channel.

Flow boiling characteristics under the subcooled 40 K condition. The relationship
between heat flux and the extent of subcooling for hydrophilic (a) and (b)
hydrophobic PDMS surfaces. (¢c) The HTCs of anisotropic wicking surfaces by
surface wettability and the directions of the deflecting pillars.

The relationships between the CHF and apparent surface contact angles (surface
wettabilities) of various PDMS surfaces.

Wicking of hydrophilic polymerized surfaces with tilted pillar arrays spaced at (a)
250 pm and 500 um. (b) The effects of pillar bending direction on the relative
wicking characteristics of polymerized test surfaces composed of hydrophilic tilted
pillar arrays spaced at 250 and 500 pm.

A schematic showing the effect of wicking direction on subcooled, flow boiling heat
transfer.

(a) Measurement of dynamic contact angles on bare PDMS test surfaces and surfaces
with bending pillar arrays spaced at 250 um (b) Fpin:Frel force ratio as a function of
receding contact angles of test surfaces predicted using dynamic contact angles
measured on bare PDMS surfaces and bending pillar surfaces with 250-pum spcing.

Figure 10. The CHF as a function of the Fpin:Frel force ratio in terms of the influence of the

pillar tilting direction of polymerized test surfaces on subcooled, flow boiling heat
transfer.



Influence of pillar tilted direction on subcooled flow boiling heat transfer

I Polymerized pillars
B Silicon substrate

Flow direction

Improvement in liquid supply on heated surfaces Deterioration in liquid supply on heated surfaces

Fig. 1 A schematic of the effects of wicking direction on anisotropic wicking during subcooled
flow boiling.
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Fig. 2 (a) Fabrication process of vertical PDMS pillar arrays on silicon substrates(b) A
schematic of pillar bending to 30°via sputter coating. (¢) Scanning electron microscopy (SEM)

images of surfaces with bent pillar arrays spaced at 250 and 500 pm.
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Fig. 3 (a) PDMS stamps on a silicon substrate. (b) The several layers lying between t
he polymerized pillar arrays and the silicon substrates. (¢c) PDMS pillars with 200-nm-
thick SiO2 coatings. (d) The apparent surface contact angles of various PDMS surface
.
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Fig. 4 The experimental setup. (a) Evaluation of subcooled flow boiling. (b) A resistance
temperature detector (RTD) sensor. (c) Copper bus bars loading on chemically coating layers
consisted of Au electrodes and ITO heater. (d) Location of temperature components in the flow
channel.
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Fig. 5 Flow boiling characteristics under the subcooled 40 K condition. The relationship
between heat flux and the extent of subcooling for hydrophilic (a) and (b) hydrophobic PDMS
surfaces. (¢) The HTCs of anisotropic wicking surfaces by surface wettability and the d
irections of the deflecting pillars.
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Fig. 7 Wicking of hydrophilic polymerized surfaces with tilted pillar arrays spaced at (a) 250
pum and 500 um. (b) The effects of pillar bending direction on the relative wicking
characteristics of polymerized test surfaces composed of hydrophilic tilted pillar arrays spaced
at 250 and 500 pm.



Toward the flow direction

Fig. 8 A schematic showing the effect of wicking direction on subcooled, flow boiling heat
transfer.
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Fig. 9 (a) Measurement of dynamic contact angles on bare PDMS test surfaces and surfaces
with bending pillar arrays spaced at 250 pm (b) Fpin:Frel force ratio as a function of receding
contact angles of test surfaces predicted using dynamic contact angles measured on bare PDMS

surfaces and bending pillar surfaces spaced at 250 pm.
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Fig. 10 The CHF as a function of the Fpin:Frel force ratio in terms of the influence of the pillar
tilting direction of polymerized test surfaces on subcooled, flow boiling heat transfer.



