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ABSTRACT: Enhancing the critical heat flux (CHF), which is
the capacity of heat dissipation, is important to secure high
stability in two-phase cooling systems. Coolant supply to a dry
hot spot is a major mechanism to prevent surface burn-out for
enhancing the CHF. Here, we demonstrate a more ready
supply of coolant using aligned silicon nanowires (A-SiNWs),
with a high aspect ratio (>10) compared to that of
conventional random silicon nanowires (R-SiNWs), which
have a disordered arrangement, for additional CHF improve-
ment. We propose the volumetric wicking rate, which

Fonden raten Wﬂ%ﬂm Tl

® A-SINWs (presentstudy) O R-SiNWs (present study) <> R-SiNWs™
—— Logscale data fitting line(A-SiNWs) —— Logscale data fitting line(R-SiINWs)
Liquid front 260

Aligned ar AMNNNIN

(A-SiNWSs) [R[R{HR

Droplet boundary

N
PN
)

——
Wicking distance (L)

Droplet boundary
. Liquid front

Wickin,

Dynamic wicking
== (i< I, during same period)

Critical heat flux (W/cm?)

Volume of Liquid coolant
0 gy <Viiay on same projected area)

Height (um)

represents the coolant supply properties by considering both the liquid supply velocity and the amount of coolant (i.e.,
wicking coefficient and wetted volume, respectively). Through experimental approaches, we confirm that the CHF is enhanced as
the volumetric wicking rate is increased. In good agreement with the fabrication hypothesis, A-SiNWs demonstrate higher
coolant supply abilities than those of R-SINWs. The longest (7 ym) A-SiNWs have the highest volumetric wicking rate (25.11 X
107> mm®/s) and increase the CHF to 245.6 W/cm?, which is the highest value obtained using nanowires among reported data
(178 and 26% enhanced vs unmodulated plain surface and R-SiNWs, respectively). These well-aligned SINWs can increase the
CHE significantly with efficient coolant supply, and it can ensure high stability in extremely high thermal load systems. Moreover,
our study provides nanoscale interfacial design strategies for further improvement of heat dissipation.
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1. INTRODUCTION

Improving the heat-transfer performance should be considered
for guaranteeing the efficiency and stability of energy systems.
Boiling heat transfer is a powerful cooling mechanism
accompanying the phase change phenomena. It has been
used for cooling of high-thermal-load systems, such as power
plants and integrated electrical devices."” Especially, the critical
heat flux (CHF), which is the heat-transfer capacity (ie.,
limitation of heat dissipation), is a key factor for maintaining a
thermally stable system. The CHF is defined as the heat flux
required to remove the thermal energy before film boiling.
During film boiling, the vapors start to cover the overall heating
area and cause surface failure because of a sharp thermal load
from the low thermal conductivity of the vapor. For this reason,
the CHEF is closely related to the surface stability and the ability
of high heat flux dissipation.’~® Therefore, achievement of high
CHEF ensures the performance and safety of thermal systems.
The recent research obviously has demonstrated that liquid
supply to a dry area is the main mechanism for preventing
vapor coverage to accomplish a higher CHFE.””'® Surface
interfacial manipulation methods have been applied for
enhancing the boiling heat transfer characteristics. In particular,
microscale and nanoscale structural manipulations have been
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used on boiling surfaces to not only augment the surface area
but also improve the liquid supplying properties, which are
surface wettability and wicking.u_15 Specifically, nanoscale
structural manipulations, such as nanowire arrays, have
enhanced the boiling performance significantly.'*™"* Silicon
nanowire (SiNW) and copper nanowire (CuNW) arrays have
been used for boiling heat transfer and achieved 100% higher
CHEF than that from a plain surface."”"” The wettability of the
surface has been made superhydrophilic via fabrication of
nanowires, and the capillary liquid propagation effect through
the nanostructures had a positive aspect in coolant supply for
enhancing the CHF. Moreover, many studies have been
conducted using nanowires of various heights to enhance the
boiling performance and to confirm CHF enhancement
mechanisms.'®*°7>* Wettability has been improved with the
increasing height of nanowires, and nucleation characteristics
are favorable for heat transfer enhancement by increasing the
defects or microscale cavities. The results commonly show
effective improvement of CHF compared to that of plain
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Figure 1. Strategy for enhancing the CHF of boiling heat transfer using A-SiNWs; R-SINWs have a disordered arrangement and dense distribution.
On A-SiNWs, dynamic wicking abilities are enhanced by reducing the fluidic resistance with a wicking-favorable arrangement. Moreover, the volume
of the liquid coolant on A-SiNWs is larger than that on R-SiNWs on the same projected area.

surface; however, the CHF enhancement rate have a saturated
trend (~220 W/cm?). These conventional “random silicon
nanowires (R-SiNWs)” have the limitation of being unable to
enhance the CHF because nanoscale structures get entangled
with each other and make bundlelike shapes. These complex
distributions of nanostructures and high solid fractions increase
the fluidic resistance and block the liquid spreading to dry
regions.

For additional enhancement of CHF on NWs, improving the
liquid supply to dry regions is important to prevent vapor film
coverage on heating surfaces. Wicking, which occurs by
capillary pressure by interfacial structures, is one of the key
mechanisms of liquid propagation on a surface. For this reason,
a wicking-favorable structured surface can improve the CHF.
Recent research studies obviously have demonstrated that the
wicking or liquid spreading phenomena on structured surfaces
directly contribute to CHF enhancements by increasing the
liquid supply to dry spots and additional heat dissipation from
the wicking coolant. Superhydrophillic nanostructures, which
were fabricated by an anodic oxidation process, biological
templates, and nanopillars have been applied for boiling heat
transfer for investigating the relation between wicking and
boiling performance.®™ " In these studies, the authors measured
the amount of absorbed liquid volume by droplet images or
measured the wicking coefficient by high-speed images for
evaluating the coolant supply abilities on modified surfaces.
They suggested similar wicking models, whereby the additional
CHF enhancement occurred due to the wicking phenomena.
Although previous studies, which have used surface mod-
ification, investigated the relation of wicking phenomena and
CHF on boiling heat transfer, the rate of CHF enhancement
has been demonstrated an obvious saturation tendency. There
is no notable improvement in the boiling performance on
nanostructured surfaces, such as conventional random nano-
wires and wicking-enhanced structured surfaces. Moreover,
previous studies have relied on the wicking measurement of
randomly fabricated surfaces. Therefore, it is difficult to analyze
the geometric effect on wicking and its impact on boiling heat
transfer. Here, we applied a strategic approach for the
fabrication of nanowires to improve liquid supply and
overcome the limitation of CHF on nanostructured surfaces.

Wicking is described by capillary pressure (Pcap) and viscous
resistance (K). Capillary pressure generates a driving force for
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wicking, whereas viscous resistance interrupts liquid propaga-
tion. Then, the wicking distance (I) is defined as follows ">’

[2P,
=, —2¢ = wit
K (1)

where W is the wicking coefficient, which represents the liquid
propagation velocity. According to eq 1, high capillary pressure
and low viscous resistance lead to a high wicking coefhicient.
There are three geometric parameters of A-SiNWs, which are
diameter (d), pitch (p), and height (h). As d/p is increased,
both capillary pressure and viscous resistance are increased.
After the specific maximum values of the wicking properties are
attained, the viscous resistance is increased rapidly compared
with the ca?illary pressure and wicking abilities are
decreased.*** Thus, a wicking-favorable surface can be
obtained by appropriate geometrical control. As reported by
Xiao et al,”’ the maximum wicking abilities on pillar arrays
were observed for the dimensionless geometric parameter (d/
p) from about 0.2 to 0.3 at the same height. However, on the R-
SINW surface, the nanostructures are arranged densely, for
which d/p is more than 0.5, from scanning electron microscope
(SEM) images.”’m Thus, the amount of fresh liquid supply on
R-SiNWs is small because of both the low wicking coefficient
from the high viscous resistance and the low wetted volume
from the high solid fraction.

Our goal in this study is CHF enhancement by improving the
liquid supply abilities using strategically aligned nanowire
arrays. Figure 1 demonstrates the strategies for enhancing the
CHEF in this study. We fabricate “aligned silicon nanowires (A-
SiNWs)” that stand independently and maintain a constant
pitch and arrangement of nanostructures. A-SiNWs are
fabricated to increase the liquid supply by two mechanisms
for improving the CHF: First, A-SiNWs stand independently
with a low solid fraction; thus, we expect that the wetted area
would be expanded, thereby improving the capacity of the
coolant for additional heat dissipation. Therefore, the liquid
volume of A-SiNWs (V) is larger than that of R-SiNWs
(Vir)) on the same projected area. Additionally, different
heights of R-SiNWs and A-SiNWs are fabricated to evaluate the
effects of the wetted volume (i.e., the amount of fresh coolant).
Second, we control the pitch-to-diameter ratio of nanowires for
enhancing the wicking coeflicient, which represents the velocity
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Figure 2. SEM images of S ym long R-SiNWs: a cross-sectional view of (a) R-SiNWs and (b) A-SiNWs; a top view of (c) R-SiNWs and (d) A-
SiNWs. On R-SiNWs, nanostructures are attached with each other by Van der Waals forces and form a disordered arrangement. On the other hand,
nanostructures are independent and maintain regular arrangement on A-SiNWs. In this study, various heights of SiNWs are used for boiling heat

transfer, and fabrication results are shown in Figure SI.

of liquid propagation to dry regions. The aligned arrangement
can reduce the fluidic resistance from independent and sparse
arrays of structures. Thus, the wicking distance, which is
defined as the length from the static droplet boundary to the
dynamic spreading liquid front, is increased on A-SiNWs during
the same period (I, > Iy). To confirm the improvement of CHF
on the strategically aligned arrangement, wicking and pool
boiling experiments are conducted on A-SiNWs and R-SiNWs.

2. MATERIALS AND METHODS

2.1. Fabrication of R-SiNW and A-SiNW Surfaces on a Silicon
Chip. SiNWs were fabricated on the backside of a silicon sensor chip,
which can measure the wall temperature and input the power to the
test sample simultaneously. For conventional R-SiNW fabrication, a
metal-assisted chemical etching (MaCE) process was conducted.'*"*
The backside of the silicon sensor chip was cleaned with acetone for
10 min, with piranha solution (H,0,/H,SO, = 1:3 by volume) for 40
min to remove organic materials, and with buffered oxide etchant
(HF/H,0 = 1:5 by volume) for S min to remove any oxidation layer.
After cleaning, the silicon sensor chip was inserted in a polytetrafluoro-
ethylene etching module, which exposed only the center of the chip.
Then, the etching module was immersed in a silver reducing solution
(5 mM AgNO; and 4.8 M HF) for 1 min to reduce the silver ions on
the silicon sensor chip. After rinsing the silicon sensor chip using
deionized (DI) water, the etching module was immersed in the etchant
solution (4.8 M HF and 0.1 M H,0,). The reduced silver ions act as
the cathode, and H,O, was reduced to H,O. Also, silver ions generate
electric holes that are injected on the silicon sensor chip.”” Then, the
silicon chip was oxidized and etched out with the HF solution.

We used a p-type silicon wafer substrate (boron-doped, (100)
orientation, with a resistivity between 1 and 20 Q cm); thus, silicon
was etched down to form high-aspect-ratio nanowires. During the
etching process, silver was the catalyst for etching down the silicon
substrate. The height of the nanowire array could be controlled by the
etching time. Thus, we fabricated 2, S, 7, and 30 ym long R-SiNWs.
The structures formed a disordered arrangement, and it was difficult to

control the accurate parameters of nanowires, such as diameter and
pitch. For this reason, previous studies have reported the parameters of
nanowires by morphological analyses, such as by SEM images.'”* In
the same way, we estimated the diameter and pitch to be 100 and 200
nm, respectively. Figure 2a,c shows the cross-sectional and top views of
S pm long R-SiNWs. The other fabrication results of R-SINWs are
shown in Figure S1.

For A-SiNWs fabrication, an additional nanosphere lens lithography
process was carried out. After cleaning, the sensor chip was coated
with a negative photoresist (PR) by spin-coating. A polystyrene
monolayer was formed on the PR layer, and 500 nm diameter PR
patterns were fabricated on the surface by nanosphere lens lithography
and a PR strip. A gold thin film was deposited on the bare spaces, and
silicon was etched by a MaCE process to fabricate nanowires. In the A-
SiNW fabrication process, PR dots were the seeds of the nanowires
and gold was the catalyst to etch the silicon substrate. The pitch of the
nanowire was determined by the diameter of the nanospheres.
Especially, d/p was controlled to 0.25, the wicking-favorable design for
maximizing the liquid propagation velocity. We used 2 ym diameter
spheres to form the monolayer; thus, the pitch of the nanowire array
was 2 pum and the diameter of the nanowires was 500 nm. We
confirmed that the nanowires stood independently and did not have
random-sized microcavities by conglomeration of nanowires in SEM
images. Figure 2b,d shows the cross-sectional and top views of 5 ym
long A-SiNWs. The details of fabrication results are described in the
Supporting Information.

2.2. Surface Characteristics (Morphology and Wetting
Properties). The surface morphology of nanowires was observed by
field emission-SEM (FE-SEM, JEOL 7800F). From the SEM images,
we estimated the parameters of nanowires. Also, surface wetting
properties, which are static wettability and dynamic wicking, were
measured. The surface contact angle, which represents the static
wettability, was measured by a contact angle meter (KSV, CAM-200).
A DI water droplet (2.5 uL) was released on the surface, and cross-
sectional images were taken by a 500 fps, high-speed camera. To
observe the wicking phenomena and measure the wicking coeflicient,
DI water droplets were released on the SINW surfaces. Immediately
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Figure 3. Experimental materials and setup: (a) a silicon sensor chip for supplying the heat load and sensing temperature; the sensor chip is
composed of an ITO thin-film heater and Pt RTDs. Pt RTDs are fabricated in a serpentine shape for improving the accuracy and precision of the
measurement. (b) Pool boiling experimental setup; the test section module is immersed in a stainless steel pool, and the heat load is generated by dc
power supply. DI water is maintained at saturated temperature and atmospheric pressure.

after dropping the droplet on the surface, liquid propagation was
observed and recorded by a 100 fps, high-speed camera (Dantec,
Speedsense M310). Through analyzing high-speed images, the wicking
distance was measured with the passage of time. Then, the wicking
coefficient could be calculated from eq 1.

2.3. Pool Boiling Experiment. For data acquisition and heating
the boiling surface, a silicon sensor chip was fabricated that could
measure local temperatures and supply the heat flux, as shown in
Figure 3a. The silicon sensor chip is composed of an indium tin oxide
(ITO) thin-film heater and platinum resistance temperature detectors
(Pt RTDs). The pool boiling experimental apparatus is shown in
Figure 3b. We used DI water for the experimental working fluid. DI
water was maintained at atmospheric pressure and saturated
temperature by two immersion heaters and a proportional—integral—
derivative controller. Two K-type thermocouples measured the
temperature at different locations in the DI water. A power supply
(KSC Korea Switching, 200 V-10 A, dc) supplied heat flux to a test
section with stable values. Heater voltage drop and circuit current were
measured from the ITO thin film and the shunt resistance,
respectively. The resistances of the RTD sensors were measured
with a data acquisition module and board (SCXI-1503, PCI-6259;
National Instruments). To minimize the thermal loss, the main test
section was made of polyether ether ketone (PEEK), which has a low
thermal conductivity (kpggx = 0.25 W/(m K)). A silicon sensor chip
was attached on a Macerite ceramic plate (kyyceree = 1.6 W/(m K)) to
minimize thermal heat conduction and prevent surface breakdown at
the CHF. Degassing in the test chamber was carried out with
immersion heaters for 1 h before the experiment. The electrical data
and wall temperature from the RTD sensor were measured for more
than 30 s after reaching steady-state conditions. The resistances from
the RTD sensors were acquired at a high frequency, 1000 Hz. The data
reduction process and uncertainty analysis are described in the
Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Enhanced CHF on SiNWs. The pool boiling
experiment results are shown in Figure 4. The CHF on the
silicon plain surface is 88.1 W/cm® The CHFs are increased by
102% (177.6 W/cm?), 116% (190.1 W/cm?), and 121% (194.3
W/cm?) on R-SiNW surfaces of 2, 5, and 7 um, respectively.
Also, the CHFs are increased by 117% (191.1 W/cm?), 154%
(224.7 W/cm?), and 178% (245.6 W/cm?) on A-SiNW surfaces
of 2, 5, and 7 pum, respectively. The CHFs are greatly enhanced
on both R-SiNWs and A-SiNW surfaces compared to those on

® A-SiINWSs (presentstudy) O R-SiNWs (present study) & R-SiNws*”
Logscale data fitting line(A-SiNWs) Logscale data fitting line(R-SiNWs)

260

%)

m
N
S
o

N
N
o

-
[0
o

Critical heat flux (W/c
N
o
o

1 5 10 50
Height (um)

Figure 4. Pool boiling experimental results: the CHF is enhanced as
the height of nanowires increases. The CHF on A-SiNWs is larger than
that on R-SiNWs on the same height. In particular, the 7 ym long A-
SiNWs enhance the CHF to 245 W/cm? The insets of the graph show
the SEM images of A-SiNWs (red outline) and R-SiNWs (blue
outline).

the plain surface. These results are consistent with the
experimental results in a previous research, where the CHF
has been enhanced usin_; a hydrophilic nanowire surface in pool
boiling heat transfer.'”?! However, Figure 4 demonstrates
obviously a different tendency on R-SiNWs and A-SiNWs. As
the height of nanowires increases, the CHFs are enhanced
drastically on A-SiNWs. In particular, on the longest A-SiNWs,
the CHF was 245.6 W/cm? which is the highest reported value
on nanowire surfaces. On the other hand, the CHF
enhancement rate on R-SiNWs is decreased as the height of
nanowires is increased. The CHFs on R-SiNWs reach a
saturated value of about 200 W/cm” in longer cases.
Kandlikar***® proposed a theoretical approach for CHE
estimation on a horizontal heater, which reflects not only a
classical hydrodynamic approach®"** but also surface wett-

ability as follows
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9" CHF_Kandlikar = hfgpgo's [rg(p, — ﬂg)]o'zs[(l + cos 6)/16]
[2/7 + n/4(1 + cos 0)]° ()

where hy, is the latent heat of the fluid gas, p, is the density of
the gas, and p, is the density of the liquid. According to eq 2, a
hydrophilic surface that has a low contact angle will have a high
CHEF because it is favorable for supplying the working fluid to
the heating area and enhancing the CHF. Figure 5 shows the
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Figure S. Comparison of the experimental data and CHF model,
which considers surface wettability. Additional CHF enhancement
occurred by improving the liquid coolant supply effect on SiNWs.
Notably, A-SiNWs improve the CHF effectively despite larger contact
angles (ie., weaker superhydrophilicity) than those in R-SiNWs. The
insets demonstrate the surface contact angles on 2 ym long A-SINWs
and R-SiNWs.

CHE results of the present experiments and CHF predictions
by a Kandlikar’s theoretical approach. The experimental result
is consistent with the CHF model on the silicon plain surface.
On the other hand, the experimental CHFs are much higher on
both R-SiNWs and A-SiNW surfaces than those on the CHF
model. This additional improvement of boiling performance
has already been described by the liquid spreading or wicking
phenomena on the structured surface.*” '’ Wicking can occur
when the apparent contact angle is smaller than the critical
contact angle (6.), which is defined as follows

g = cos”'[(1 = 9)/(r — )] 3)

where ¢ is a solid fraction of nanowires and r is the roughness
factor, which is the ratio of the actual area to the projected area.
On the R-SiNWs, the arrangement is assumed to be a
rectangular array; thus, ¢ = nd*/4p* and r = 1 + ndh/p>. On
the other hand, on the A-SiNWs, the arrangement is a
triangular array; thus, ¢ = xd?/ 4p2 sin 60 and r = 1 + ndh/ pz
sin 60. In particular, the solid fractions are 0.20 and 0.06 by
geometric parameters of R-SiNWs and A-SiNWs, respectively.

It is successfully demonstrated that the wetted volume is
enhanced on A-SiNWs by a smaller solid fraction. All cases in
this study have a smaller apparent contact angle (0 = 46°)
than the critical contact angle for wicking criteria (Table 1).
Therefore, it is reasonable that the CHF is higher than that in
theoretical model, which contains only the static wettability of
the surface through an improving the coolant supply effect.

In these experimental results, there are two remarkable
points. First, at the same height of nanowires, the CHF is larger
on the A-SiNW surface than on the R-SINW surface. On the A-
SINW surface, the CHF was enhanced by 7, 18, and 26%,
compared to that on the R-SINW surfaces of 2, 5, and 7 um,
respectively. In particular, although A-SiNWs have less
hydrophilic characteristics (i.e,, larger contact angles) than
those of R-SiNWs, they have a higher value of CHF than that
on the R-SiNW surface, which has the same height. These
results obviously demonstrate that the liquid supply abilities are
the dominant mechanisms for enhancing the CHF in a
hydrophilic region. Second, the CHF was enhanced as the
height of the nanowires increased. According to the
experimental results, a longer height of the A-SiNW surface
can remove a higher thermal load than that from a shorter
height of the A-SINW surface. These results demonstrate that
the structured array morphology and the height of the
nanowires are key factors for enhancing the CHF because of
the improvement of liquid supplying mechanisms.

3.2. Evaluation of Wicking Properties of SiNWs. For
analyzing the pool boiling experimental results that A-SiINWs
have larger CHFs despite poor static wettability than those of
R-SiNWs, wicking coeflicients are investigated. As shown in
Figure 6a, the wicking distance is defined as the distance from
the static droplet boundary to the dynamic wicking liquid front.
The details of the wicking image on each SiNW are
demonstrated in Figure S2. Representatively, Figure 6b,c
shows the wicking images of 7 pm long R-SiNWs and A-
SiNWs at 4 s after droplet releasing. The images show an
obvious tendency whereby A-SINW surfaces have a larger
wicking distance than that on the R-SiINW surfaces during the
same time period. The analysis of the high-speed images taken
to measure the wicking distance and the calculated wicking
coefficient are shown in Table 1 and Figure 6d. The wicking
coefficients are 0.31, 0.40, and 0.43 mm/s** on R-SiNWs of 2,
5, and 7 ym and 0.50, 1.70, and 1.95 mm/s** on A-SiNWs of 2,
S, and 7 pum, respectively. These results are in good agreement
with the fabrication hypothesis that the aligned arrangement
that has d/p of 0.25 can reduce the viscous resistance effectively
and promote the liquid propagation velocity compared to those
in the random arrangement. As a result, the wicking coefficient
is precipitously raised on A-SINW surfaces compared to that on
R-SiNW surfaces. In addition, as the height of the nanowires
increases, the capillary pressure increases, enhancing the liquid
propagation. Thus, the wicking coefficients increase as the
height of the nanowires is increased.

Table 1. Geometric Variables and Wicking Properties of SINWs

R-SiNWs (g = 0.20)

height (um) 2 N
0. (degree) 87 89
W (mm/v/s) 031 0.40
WA(1 — @)h (X107 mm3/s) 0.18 0.73

17599

A-SiNWs (¢ = 0.06)

7 2 N 7

89 59 73 77
0.43 0.5 1.7 1.95
1.18 0.47 13.63 25.11
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Figure 6. Wicking phenomena on SiNWs. (a) Schematic diagram of a droplet on SINWs and the wicking distance. The blue dotted line represents a
static droplet boundary and the yellow dotted line represents a dynamic wicking liquid front; high-speed images at 4 s after droplet releasing on (b)
R-SiNWs (7 ym) and (c) A-SiNWs (7 pum); (d) wicking distance vs square root of time and wicking coefficient of R-SiNWs and A-SiNWs. The
details of wicking experiment results on each SiNW are demonstrated in Figure S2.

3.3. Enhanced CHF by Improvement of Coolant
Supply Using A-SiNWSs. Local hot spots occur during boiling
heat transfer at a high heat flux. Both the wicking ability and
wetted volume are the key factors in liquid supply character-
istics because they have a strong connection with the speed of
liquid propagation and the amount of additional heat
dissipation capacity by evaporation, respectively. Therefore,
A-SiNWs, which have high liquid supply ability, effectively
prevent the formation of vapor films on the heated surface.
Developing both the wicking rate and the wetted volume is a
strategy for enhancing the CHF by improved coolant supply.
Now, we propose that the volumetric wicking rate, W*(1 — ¢)
h, is a unified factor for considering the wicking rate and wetted
volume. Table 1 presents the wicking coefficients and
volumetric wicking rates of each SiNW surface. The volumetric
wicking rates are 0.18 X 1073, 0.73 x 1073, and 1.18 X 1073
mm?>/s on R-SiNW surfaces of 2, 5, and 7 ym, and 0.47 X 1073,
13.63 x 1073, and 25.11 X 10~ mm?/s on A-SINW surfaces of
2, 5, and 7 pm, respectively. On the same height of nanowire
surfaces, the volumetric wicking rate of A-SiNW surfaces is
increased by the enhanced wicking coeflicient. In addition, as
the height of the nanowires is increased, the volumetric wicking
rate is enhanced because of the higher wetted volume. The
volumetric wicking rate is improved on the A-SINW surfaces
with an aligned distribution and a long height. Figure 7
demonstrates that the CHF is enhanced by the coolant supply
as the volumetric wicking rate is increased. The experimental
results distinctly show the proportional relation with the
volumetric wicking rate, that is, the coolant supply abilities. The
pool boiling experimental results are consistent with the
hypothesis that the liquid supply by the wicking phenomena
can enhance additional heat dissipation, with extra improve-
ment of CHF achieved on the aligned structured surfaces. The
additional heat dissipation (g”,44) from the wicking phenomena
can be expressed as a proportional relation as follows'”*’

q"aa < W1 = @)k (4)
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Figure 7. CHF vs volumetric wicking rate on A-SiNWs and R-SiNWs:
the experimental results distinctly show the proportional relation with
the volumetric wicking rate, that is, the coolant supply abilities. The
volumetric wicking rate is enhanced by control of nanowire
arrangement because of the relatively high wicking coefficient and
low solid fraction.

A high volumetric wicking rate can remove the thermal energy
rapidly and delay the formation of vapor film on a heating
surface. Although the present A-SiNWs have a relatively short
height than that of other R-SiNWs, it can achieve a higher
CHEF. Notably, A-SiNWs overcome the limitation of CHF on
the nanowire surface by enhanced additional coolant supply
using an artificially controlled arrangement.

4. CONCLUSIONS

In this study, enhanced CHF was accomplished by improving
the coolant supply using strategically controlled A-SiINWs. We
fabricated SINWs strategically to enhance the coolant supply
considering both the wicking coefficient and the wetted volume
by fabrication of A-SiNWs, which stand independently and
secure volume for refreshing with the coolant. Especially, a
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wicking-favorable arrangement (d/p ~ 0.25) was chosen for
improving the liquid supply velocity. Pool boiling experiments
were conducted on a silicon plain surface and for various
heights of R-SiNWs and A-SiNW to verify the hypothesis for
enhanced CHF. To evaluate the coolant supply abilities, we
propose the volumetric wicking rate, W*(1 — ¢)h, considering
both the wicking coefficient (i.e., the liquid supply velocity) and
the wetted volume. To measure the volumetric wicking rate, we
evaluated the wicking coefficient on each SiNW and calculated
the wetted volume on the basis of the geometric variables. The
experimental results demonstrated that the CHF was enhanced
with high volumetric wicking rate surfaces because of a positive
effect on the liquid supply to the dry region for delaying vapor
merging and removal of additional thermal energy. In
particular, the longest A-SINW (7 um) surface had the largest
value for the volumetric wicking rate (25.11 X 107> mm?’/s)
and increased the CHF by 178% (245 W/cm?) compared to
that on a silicon plain surface. This result was also the highest
value among the other reported data using nanowire surfaces.
In conclusion, we confirmed a possibility of further CHF
enhancement on structured surfaces using liquid supply
improvement. The pool boiling results were in good agreement
with the design hypothesis that high coolant supply properties
on surfaces can enhance the CHF via additional thermal energy
removal from the heating area efficiently. High coolant supply
properties, represented by a high wicking coefficient and wetted
volume, can be achieved via the strategically aligned arrange-
ment. We expect that further CHF enhancement will be
achieved by controlling the parameters of A-SiNWs, such as the
diameter, pitch, and height, in future studies. Moreover, this
newly structured fabrication strategy using nanowires to
enhance the CHF can ensure the stability of extremely high
thermal energy systems and effective thermal management.
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