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Superhydrophilicity accompanying hemi-wicking driven by interfacial capillary force can be induced by
constructing interfacial structures. We uncover the underlying mechanism for the morphologically dri-
ven hemi-wicking, and extend its impact into the practical heat transferring scheme of convective boiling
system: the morphologically-driven hemi-wicking on a roughened interface can contribute greatly to the
enhancement of boiling heat transfer performance of the convective heat dissipation capacity of critical
heat flux (CHF). We present design prerequisites on controlling characteristic lengths of nanoscale inter-
facial structures that initiate hemi-wicking and consequently enhance boiling performance. Interfacial
liquid refreshing through morphologically driven hemi-wicking leads to a greater than 100% increase
in CHF by roughening surfaces using vertically aligned silicon nanowire structures (SiNWs). We confirm
strong wicking characteristics are essential to increase CHF, however it must be differentiated from sur-
face roughening. Even though the roughening is a prerequisite for leading to the wicking, it can even
deteriorate CHF without involving advantage of the interfacial re-wetting. Dimensional prerequisites that
initiate hemi-wicking by modulating the characteristic length of SiNWs can be design guidelines for prag-
matic engineering applications to enhance feasibility and reliability. We use our findings to put forward a
guideline to improve boiling performance, and suggest a way to make breakthrough in heat and energy
transfer systems through the functionalized interface.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Interfacial morphology is a principal determinant of the wetting
characteristics of an interface. Based on Young’s equation
describing the behavior of liquids on a solid surface in equilibrium,
wetting can be considered a physical function of geometric
variables regarding morphology [1–5]. In particular, superhy-
drophilicity accompanying hemi-wicking driven by interfacial
capillary force can be induced by constructing interfacial
structures under a specific design criterion [6–9]. The criterion
for hemi-wicking can be expressed as [10,11]:

hc > h�; cos hc ¼ ð1�uÞ=ðr �uÞ; ð1Þ

where hc, h⁄, u, and r are the critical contact angle (CA) demanded as
a prerequisite, equilibrium CA on an ideal surface, solid fraction of
the solid–liquid interface contacting the liquid droplet, and rough-
ness factor defined as the ratio of an actual to projected surface
area, respectively. This equation allows us to design a functional
interface by roughening and manipulating characteristic lengths
of the interfacial structures.

One highly promising applications of superhydrophilicity with
hemi-wicking is boiling heat transfer, which is a powerful method
for dissipating and transferring thermal energy [12–15]. In convec-
tive boiling heat transfer, nucleation and convective behavior of
the two-phase mixture of coolant and bubbles are determined by
the characteristics of the interface [16–19]. In particular, liquid
refreshing against the dry-out of a boiling surface is obviously
dependent on the roughness and wetting characteristics of the
interface [20,21]. This is due to interfacial hydrodynamics domi-
nating the nucleation of bubbles, liquid supply/refreshing toward
nucleation sites against upward bubble detachment, and convec-
tive mixing of the multiphase flow. Recent studies have attempted
to enhance principal boiling performance of the maximum heat
dissipation capacity (i.e., critical heat flux, CHF) allowed without
any irreversible thermal failure of a system, and the convective dis-
sipation efficiency (i.e., heat transfer coefficient, HTC) for effective
thermal energy dissipation by promoting interfacial functionalities
using micro/nano- and hierarchical structures [13,22–26]. They
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reported that the roughened surfaces and their by-productive
strong wicking ability could be favorable to succeed in improving
boiling performance. By adopting feasible approaches for strong
refreshing via hemi-wicking, CHF could be improved by more than
100% [26,27]. Roughening of interfaces has been proved favorable
to initiate nucleation readily and effective to induce hemi-wicking.

While inducing hemi-wicking through morphological manipu-
lations, we demonstrate that convective boiling heat transfer can
be controlled by modulating the surface roughness factor and con-
sequential wetting characteristics. We demonstrate that hydrody-
namic hemi-wicking on an interface can govern the maximum heat
dissipation capacity of CHF. The morphological roughening via
nanostructures and its impact on interfacial hydrodynamic effects
accompanying hemi-wicking for liquid assessment towards boiling
surface can be favorable for the extension of CHF. We suggest that
the morphologically-induced wicking effects for liquid assessment
must be distinguished from an analogous liquid spreading which
can be alternatively obtained from a low-surface tension liquid like
a typical refrigerant of FC-72. Interfacial liquid refreshing through
morphologically driven hemi-wicking is realized by roughening
surfaces using vertically aligned silicon nanowire structures
(SiNWs). Dimensional prerequisites initiating hemi-wicking are
theoretically discussed with regard to the characteristic length of
SiNWs’ height, which should be controlled for feasible applications.
Using two different kinds of working fluids, deionized (DI) water
and a refrigerant (FC-72), we differentiate the hydrodynamic char-
acteristics of wicking from the static wetting characteristics, which
simply show low apparent CAs. The peculiarity of interfacial
characteristics is evaluated under a forced convective boiling for
a possible application to pragmatic and feasible heat dissipating
cooling systems. It is verified that morphologically-driven
hemi-wicking is essential to promote CHF in convective boiling
heat transfer, and convective dissipation efficiency regarding HTC
is enhanced by nucleation-favorable surfaces with a highly rough-
ened morphology.
2. Materials and methods

2.1. Heat transfer sensor with in-situ SiNWs

A sensor to evaluate heat transfer is designed with arrays of
resistance temperature detectors (RTDs), a thin film heater, and
nanowires which are synthesized in situ on the bare surface of
the sensor (as shown in Fig. 1(a–c)). The sensor is fabricated on a
Fig. 1. Manipulated heat transfer surfaces: (a) schematics of the sensor chip with a film h
and (c) top and tilted views of FE-SEM images of vertically aligned SiNWs with an aver
p-type silicon substrate (boron-doped, (100) orientation, resistivity
of 1–10X�cm) with the thickness of 500 lm. First, the Si substrate
is cleaned in a piranha solution (3:1 mixture of H2SO4 and H2O2 by
volume) for more than 40 min. Then the substrate is further
cleaned with acetone and methanol for 5 min each in turn using
a sonicator. After the substrate cleaning, UV lithography and plat-
inum (Pt) deposition using an e-beam evaporator are conducted for
the lift-off of the Pt layer. Pt patterns with a serpentine shape are
used as RTDs by linearly varying the resistance according to tem-
perature. An insulating oxide-nitride-oxide multilayer is then
deposited on the RTDs. After additional lithography and reactive
ion etching for the selective removal of the insulating layer from
the RTD electrodes, we deposit an 800-nm-thick indium tin oxide
(ITO) layer with sequential etching of the ITO for heater formation.
Gold electrodes are formed on both tips of the heater by Au lift-off.
The sensor has five sets of four-wire RTDs and a thin film heater
with an area of 0.5 � 1.0 cm2. The top-down nanowires are
synthesized on the opposite side of the Si substrate after the
completion of the sensor fabrication. Before the boiling
experiment, we calibrate the sensor to determine the correlation
between temperature and resistance of each RTD. We translate
the resistances from local RTDs into temperatures through
four-wire circuits, and determine the linear variation within
experimental temperature ranges. For most of the fabricated RTDs,
a 1.5X difference is approximately seen with a one degree
centigrade change in temperature [25,26]. In this study, boiling
performance is evaluated using local temperature measurements
from RTD located in the center of the heating area.
2.2. Synthesis of SiNWs using a metal-assisted chemical etching
method [28]

Metal-assisted chemical etching (MaCE) is employed to synthe-
size vertically aligned SiNWs on a Si substrate of the fabricated
sensor [25,26,29]. During the synthesis of SiNWs, the etching solu-
tions used for the metal-assisted chemical etching of Si can dam-
age the sensor circuits; we use O-rings and a Teflon holder
having a selective open area in the center on the rear of the sensor
substrate. A Si substrate is cleaned by sequentially sonicating in
acetone and methanol solutions. The substrate is cleaned further
in the piranha solution for 40 min to remove organic materials.
To synthesize the SiNWs, a cleaned Si surface of the substrate is
coated with Ag+ using a 5 mM AgNO3 and 4.8 M HF solution for
1 min. AgNO3 is ionized to Ag+ and NO3

� in aqueous solution, and
eater and RTD arrays. This figure is reprinted with permission from Elsevier [25]; (b)
age height of 2.5 and 6.8 lm, respectively.
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Ag+ ions are reduced on the surface of the substrate. After rinsing
the substrate with DI water, the sensor is dipped into a solution
of 4.8 M HF and 0.1 M H2O2 for the synthesis of SiNWs. During
the etching process, the Ag+ ions act as a catalyst to generate holes
through a cathode reaction (reduction of H2O2 to H2O). The electric
potential of Si is lower than that of Ag, thus the holes are trans-
ferred to the Si substrate. The local area under the reduced Ag is
oxidized to SiO2, and the HF solution selectively dissolves the
SiO2. As a result, the Si substrate is selectively etched away, and
the remaining portions form vertically aligned SiNWs on the sub-
strate [29]. The height of the nanowires is adjusted by controlling
the etching time under ambient temperature and pressure condi-
tions. Nanowires with heights of 2.5 lm and 6.8 lm are obtained
by 10 min and 30 min etching, respectively, and they are presented
in Fig. 1(b) and (c). Morphology and contact angle characteriza-
tions are conducted on manipulated surfaces with nanowires with
heights of hundreds of nanometers to 15.8 lm.
2.3. Surface morphology characterization

Manipulated surface morphology is characterized by FE-SEM
(JSM-7001F, JEOL, Japan) measurements. Through image process-
ing, we determine the quantitative averages of the height of the
SiNWs, distance between the SiNWs, and diameter of the SiNWs.
The equivalent cavity sizes formed by the conglomerations of ver-
tically aligned SiNWs are evaluated using I’MEASURE 2.0 software
(ING PLUS, Korea). The SEM images of SiNWs with high contrast
are used to determine the boundary of the naturally-formed micro-
cavities. The imaging software automatically calibrates and then
calculates equivalent cavity size along the boundary of the
naturally-formed microcavities. More than 100 cavities with an
area of 300 lm2 were measured for each case of SiNWs.
2.4. Evaluation of static contact angle and hemi-wicking

We use a contact angle measuring system (KSV CAM-200, KSV
Ins., Finland) to measure static CAs. Droplet images are collected
with a high-speed camera using a frame interval of 2 ms and a res-
olution of 512 � 480 pixels and then static CAs are automatically
analyzed by a calibrating program. The measurements are
conducted using a 2.5 lL droplet of DI water and FC-72, and sur-
rounding condition is controlled to the saturated-vapor pressure
condition to exclude an evaporation effect near three-phase
interface. The measurement is repeated at least five times, and
Fig. 2. Experimental facility for flow boiling characterization: (a) schematics of a closed-
static CAs are averaged from each case. To evaluate hemi-wicking
the substrates with SiNWs are vertically immersed in DI water and
FC-72. The hemi-wicking behavior is recorded using a high-speed
camera (M310, Dantec, Denmark) at 100 fps, and the wicking
distance is calibrated through post-imaging processing. The
wicking distance is numerically determined by averaging results
from at least three samples from each case. Movies showing
hemi-wicking on the manipulated surface are included in the
Supplementary Information.
3. Experimental

3.1. Closed-loop convective boiling system

The convective boiling system consists of a main circulating
channel and a test section used for the installation of the sensor.
Fig. 2 schematically presents the closed-loop experimental
facilities and the test section used in this study [30–32]. A 3-kW
immersion heater is inserted into a stainless steel reservoir with
a capacity of 44 L to conduct preconditioning and to control the
temperature of working fluids. A pressure gauge and K-type ther-
mocouples are installed in the reservoir to monitor the conditions
of the working fluid. A magnetic pump (TXS5.3, SUS316, Tuthill Co.,
USA) with an electric motor (LG-OTIS, Korea) is used to circulate
the working fluid with a constant fluidic condition of the Reynolds
number at Re = 12000 through a closed-loop channel containing a
test section. Herein, the Reynolds number is used as a parameter
to exclude property-dependent effects by the different fluids for
comparative demonstrations about the presence of the
morphologically-induced hemi-wicking. The closed-loop channel
consists of stainless steel pipes wrapped with thermal insulation
material to prevent heat loss. A mass-flow meter (Ultramass MK
II, Oval Co., Japan) is installed in the channel to measure the flow
rate. To accurately regulate the inlet temperature of the working
fluid, we use a cross-flow heat exchanger connected to a constant
temperature bath.

The test section is composed of an inlet settling chamber, a
main channel which can be divided into an upper and a bottom
part, and an outlet settling chamber made of polyether ether
ketone (PEEK) with low thermal conductivity (Fig. 2(b)). The test
section is thermally insulated during the experiments. The main
channel has a length of 375 mm and a cross-sectional area of
5 � 5 mm2. The main channel secures a flow-developing region
of 200 mm before the heater, which is sufficient length to fully
loop flow boiling system; (b) a test section for installing the fabricated sensor chip.



B.S. Kim et al. / International Journal of Heat and Mass Transfer 102 (2016) 1100–1107 1103
develop turbulent flow [33]. The fluid temperature is measured by
J-type thermocouples (Omega, USA) in the inlet and outlet settling
chamber. The sensor is aligned in the middle of the bottom part
which is made of a ceramic Macerite for preventing conductive
heat loss and thermal deformation during the experiments
[25,26]. The sensor is firmly fixed onto the Macerite with a thin
0.1 mm-thick air gap layer between the sensor and the Macerite
to prevent direct solid contact. Herein silicone gasket (Permatex,
USA) is applied along the edge of the sensor in order to prevent liq-
uid leakage. Two copper bus bars and spring probe wires are
extruded passing through the Macerite for power delivery to ITO
heater and electric signal detection from RTDs, respectively. After
installation of the sensor on the bottom of the main channel, the
two parts are assembled into a completed main channel. A DC
power supply (200 V-10 A, KSC Korea Switching, Korea) is used
to adjust the heat flux through the ITO film heater. Signals from
the flow meter, thermocouples, and the heater in the sensor are
acquired by a data logger (34970A, Agilent Technologies, USA)
and processed using a desktop computer.

3.2. Data reduction and uncertainty analysis

3.2.1. Heat flux and critical heat flux
Applied heat flux is evaluated by estimating the applied current

passing through the ITO film heater and the resultant voltage
decrease. The heat flux is calculated by q00 ¼ Qactual=Aheater ¼
ðVheater � I � QlossÞ=Aheater where q00, Q, A, V, and I indicate the heat
flux, heating power, heating area, voltage drop through the heater,
and applied current, respectively. For the actual heat flux, we
reflect the lateral conductive heat loss through the Si substrate.
The loss is evaluated by 3D numerical analyses using a commercial
code (ANSYS 15.0) and is compared with the experimental wall
temperature data. When the heat flux approaches CHF, the local
wall temperatures vigorously fluctuate. The heat flux generates
bubbles that coalescence to form a thin vapor layer. The insulating
vapor layer prevents heat from dissipating into the environment. In
this study, we determine the heat flux at CHF by adding the heat
flux measured at a temperature variation greater than 15 degrees
centigrade and that half an increment from the previous step, just
before increasing the heat flux [25,26,34].

3.2.2. Wall temperature
The temperatures from the RTDs are correlated to indicate the

exact temperature of the back of the boiling surface, because the
RTDs are on the opposite side of the Si substrate as the nanowires.
Under the assumption that the Si substrate of the sensor is
sufficiently thin (500 lm) for 1D heat conduction at a high thermal
conductivity (�140Wm�1 K�1), we derive the boiling surface tem-
peratures of Tw ¼ TRTD � ðtSi=kSiÞ � q00 based on Fourier’s 1D conduc-
tion law through the Si substrate [33,35]. Herein Tw, TRTD, tSi, and kSi
refer to the wall temperature on the boiling surface, temperature
measured from RTDs, thickness of Si substrate, and thermal con-
ductivity of the substrate, respectively.

3.2.3. Heat transfer coefficient
Convective heat dissipation ability or efficiency can be figured

by the heat transfer coefficient, which indicates the boiling perfor-
mance due to the temperature difference induced by buoyancy
force, bubble nucleation/detachment from a heat dissipating sur-
face and refreshing of liquid working fluid towards the surface.
According to Newton’s law of cooling, the convective heat transfer
coefficient h can be expressed as h ¼ q00=ðTw � Tf Þ where Tf is the
temperature of liquid working fluid, and controlled to the
saturation temperature of the corresponding working fluid
(Tsat,DI = 100 �C and Tsat,FC-72 = 56 �C at atmospheric pressure). In
this study, we use the Nusselt number (Nu = h � Dh/kf), a dimension-
less factor for describing convective heat dissipation efficiency.
Herein, Dh and kf are the hydraulic diameter of the flow channel
and thermal conductivity of the working fluid, respectively.

3.2.4. Uncertainty analysis
Uncertainty is estimated with a confidence level of 95%,

accounting for fundamental dimensions and experimental vari-
ables [25,30,36]. The temperature measurement error using the
employed thermocouple is 1.3 K, and the dimensional error of the
fabricated sensor is 0.2%. The conductive heat loss through a silicon
substrate, which has relatively high thermal conductivity, is ana-
lyzed by three-dimensional numerical analyses under a steady
state condition using a commercial CFD code (ANSYS 15.0) to deter-
mine the uncertainty estimation of the applied heat flux [30]. The
heat flux deviation due to spreading is considered conductive heat
loss, and the evaluated heat loss uncertainty is 3.0%. Considering
this heat loss uncertainty, we inversely predict the effective area
at the top of the substrate which should dissipate the equivalent
amount of an initial heat flux applied to the ITO heater. Based on
the heat loss evaluation, the uncertainty of heat flux is calculated

as dq00=q00 ¼ ½ðdV=VÞ2 þ ðdI=IÞ2 þ ðdA=AÞ2 þ ðdq00
loss=q

00Þ2�1=2 where V, I,
and A are the voltage decrease at the ITO heater, applied current,
and area of the heater, respectively. The uncertainty is 3.5%. The
wall temperature is evaluated based on Fourier’s law describing
one-dimensional conduction through the sensor substrate.
Uncertainty of wall temperature can be expressed as
dTw/Tw = [(dTR/TR)2 + (dtSi/tSi)2 + (dkSi/kSi)2 + (dq00/q00)2]1/2. The uncer-
tainty of the wall temperature is 4.7%. The same procedure using
related variables produces the uncertainty of the Nusselt number,
which is 5.8%. Additionally, we compared the single-phase regime
characteristics with an analytical prediction model suggested by
Dittus and Boelter which is valid for single-phase heat transfer
characteristics in turbulent regime [37].

4. Results and discussion

4.1. Morphology-induced hemi-wicking and roughness effects on
boiling enhancement

When we consider boiling performance factors including CHF,
HTC, and onset of nucleate boiling (ONB), the interfacial character-
istics of the heat dissipating surface should be demonstrated
regarding wettability and roughness, which are two principal
factors determining the performance. Actual wettability is deter-
mined from surface free energy and surface morphology of the
substrate [11]. As Wenzel and Cassie’s model describe hydrophilic
and hydrophobic states of wettability, respectively, roughness fac-
tor and solid fraction, which are alternative terms expressing the
morphology, determine the affinity of the substrate for liquid fluids
[38,39]. In particular, superhydrophilic states are determined using
our previous approaches involving morphological wettability con-
trol and a prerequisite of dimensional criteria described as follows
[11]:

hc;philic P
1
pd

1
cosh�

� 1
� �

ð1�uÞðaþ dÞ2 ð2Þ

where hc,philic, d and a represent the critical height of interfacial
structures that can induce hemi-wicking to result in superhy-
drophilic characteristics, average diameter of SiNWs, and average
distance between SiNWs, respectively. Fig. 3(a) shows that apparent
CAs remarkably decrease with increasing surface roughness (for DI
water through the increasing h of SiNWs from hundreds of nanome-
ters to 15.8 lm). However, decoupled interfacial characteristics
between the roughness and consequential static wetting can be



Fig. 3. Static wetting and morphologically-driven hemi-wicking characteristics: (a)
apparent static contact angles on the manipulated surfaces of liquid drops of DI
water and FC-72; (b) wicking propagation plots of the substrates immersed in the
corresponding liquid.

Fig. 4. Effects of the roughened interface w/ and w/o morphologically-driven hemi-
wicking and convective boiling heat transfer performance. Horizontal arrows with
solid lines and arrows with dotted lines indicate CHFs just before the abrupt
temperature increase and onset of nucleation boiling (ONB), respectively.
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realized using the highly-wettable refrigerant FC-72, which has a
surface tension one order of magnitude lower than that of DI water.
As confirmed from Fig. 3(a) and (b), the wettability of FC-72 does
not have serious dependency on surface roughening within an
intrinsic hydrophilic regime with a contact angle of 9–15�, while
the roughening in DI water results in significant hemi-wicking
and consequent superhydrophilic water-favoring behavior [11,26].

We are able to verify the effects of morphology-induced hemi-
wicking on boiling performance by comparing the results on each
manipulated surface with DI water accompanying hemi-wicking
and FC-72 without wicking. Initially, CHF is demonstrated
according to the interfacial effects. When the manipulated surface
is accompanied by strong hemi-wicking with DI water, as
shown in Fig. 4, CHF increases by 7.6% and 34% for 2.5 lm and
6.8 lm-heights of SiNWs, respectively, compared to that of the
no-wicking surface (175.2 W cm�2). The improvement in CHF is
also found in recent previous studies based on micro/nanoscale
interfacial structures causing dynamic wicking behavior with
apparent superhydrophilicity [13,27,40]. However, the surface
roughening in case of FC-72, which has relatively low surface
tension, results in a rather detrimental variation in CHF. This differ-
ence can be explained regarding the presence of hemi-wicking
caused by interfacial capillary effects, which is essential for
refreshing liquids on the surface and for extending CHF [26]. The
morphology-induced hemi-wicking is effective to refresh liquid
coolant toward the interface, and the refreshing retards CHF by
maintaining stability and balancing between up-ward moving
bubbles and counteracting liquid on the surface. Even though
SiNWs are used on the heat dissipating surface with extreme
roughness, they do not have a remarkable driving effect on the
wicking in the presence of a highly wetting liquid such as a
FC-72 refrigerant. This is consistent with previous studies on
roughness, where enhancement of CHF was not guaranteed with-
out improving surface affinity with a working fluid [41]. Without
any associated benefits such as interfacial hydrodynamics, SiNWs
just causes a mere surface roughening. As the roughening must
be a necessary condition but not a sufficient condition especially
for CHF extension [41–43], the mere surface roughening rather
offers obstacles such as: prevention of ebullition of vaporized bub-
bles on the roughened surface by entangled nanostructures [42];
deterioration of liquid accessibility towards the heat dissipation
surface by increasing viscous resistance. In particular, the
roughened structures of intricately arranged SiNWs just inhibit
the escape of nucleated bubbles. Surface roughness is not a major
factor for improving CHF, but it could be manipulated to obtain
favorable hydrodynamic refreshing by interfacial capillary pump-
ing [26,42,43].
4.2. Morphological roughening for initiating nucleation and convective
heat dissipation

Enhanced convective heat dissipation efficiency can be
expected for both working fluids with and without hemi-wicking
through the process of surface roughening. Fig. 4 shows that the
surface roughening leads to a decrease in wall superheat with both
working fluids. In particular, we indicate a dimensionless factor of
the Nusselt number (Nu = h � Dh/kf) in Fig. 5 describing convective
heat dissipation efficiency. Even though the two working fluids
show somewhat different distributions of heat dissipating
performance owing to the significant disparity in their intrinsic
properties such as the latent heat of vaporization, l (an indicator
for onset of phase change; lDI = 2270 kJ kg�1 and lFC-72 = 88 kJ kg�1)
and thermal conductivity, k (k

DI
= 0.6 Wm�1 K�1 and kFC-72 =

0.057Wm�1 K�1), higher SiNWs result in improvement in
convective efficiency for heat dissipation. As the height of the
SiNWs increases, the roughness factor increases, reinforcing the
static hydrophilicity [11]. Without accounting for the subsidiary



Fig. 5. Effects of surface roughening using SiNWs during convective heat dissipa-
tion of each working fluid. The Nusselt number (Nu = hDh/kf) represents the
dimensionless performance factor indicating convection at the interface. The inset
presents the heat flux at the onset of nucleation accompanying the phase change of
the working fluid.

Fig. 6. Effective cavity size for nucleate boiling, and actual cavities formed by
SiNWs: (a) analytical estimation of effective cavity sizes on plain and SiNWs-
modified (l = 6.8 lm) surfaces for each working fluid; (b) equivalent cavity sizes
(averaged values with standard deviations) formed by the conglomeration of long
SiNWs. The black dashed line presents a curve fitting of approximation of the
equivalent cavity sizes.
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effect of hemi-wicking, we find that surface roughening effectively
promotes convective heat dissipation. The enlarged interfacial area
between the working fluid and heat-dissipating surface con-
tributes to convective heat dissipation. In addition, the static sur-
face wettability is closely related to nucleation under boiling
environments. Based on the static wettability characteristics, the
effective cavity range can be theoretically explained based on the
development of the thermal boundary layer supplying
nucleation-initiating thermal energy, as follows [44–47]:

frc;min; rc;maxg ¼ dt sin hb
2:2

DTsat

DTsat þ DTsub

� �

� 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 9:2rTsatðDTsat þ DTsubÞ

qv lLVdtDT
2
sat

s" #
ð3Þ

where dt, hb, r, DTsat, DTsub, qv, and lLV are the thermal boundary
layer thickness, contact angle between bubble and wall, surface ten-
sion of fluid, wall superheat, liquid subcooling, vapor density, and
latent heat, respectively. Herein, hb is defined by averaging an
upstream and a downstream contact angle of a nucleated bubble
under flow boiling environments [45]. Actual bubbles would be
readily detachable in superhydrophilic condition created by SiNWs
(i.e., morphological roughening) and low surface tension of liquid
(i.e., FC-72), and consequentially the nucleated bubbles could main-
tain a sphere-shape less biased against flow momentum because of
the enhanced liquid penetration and their own size diminution with
more fast ebullition frequency [48]. Thus we assume that hb con-
verges to static contact angle, which is intermediate value between
upstream and downstream contact angle according to the hydrody-
namic limit around bubble [45]. Fig. 6(a) shows the expected range
of effective cavity size based on the working fluids used. For DI
water, the effective cavity size at the onset is up to 9 lm and
decreases to 1–2 lm when SiNWs with a height of 6.8 lm induce
superhydrophilicity with an apparent CA of 4.5�. The roughening
and consequent hydrophilicity also make the effective cavities with
the refrigerant smaller as they do with DI water. Actual cavity struc-
tures that correspond to these prerequisites in size practically sup-
port and catalyze nucleation. Vertically aligned long SiNWs are
confirmed to accompany micron-scale by-productive cavities
formed by longitudinal coalescence due to van der Waals forces
[25,49,50]. In this study, we verify the results shown in Fig. 6(b)
within the domain of SiNWs’ height below 16 lm. This guarantees
that the effective cavity sizes in a certain boiling environment
(Fig. 6(a)) are well matched to the natural cavity sizes on the surface
manipulated via SiNWs. The natural nucleation sites facilitate dis-
crete bubble formations. The ONB presented in the inset of Fig. 5
is explained by surface roughening and the actual cavities. The
roughening promotes nucleation by decreasing the required heat
flux at ONB. As we increase the height of the SiNWs and create a
greater number of larger cavities that fulfill the prerequisite for
effective cavity range, nucleation becomes more efficient and
results in lower wall superheats. For both fluids, with and without
regard to the variations in intrinsic surface tension, the morpholog-
ical aspects of nucleation contribute to initiation of nucleation and
higher convective heat dissipation efficiency.
5. Conclusion

Superhydrophilicity accompanying hemi-wicking driven by
interfacial capillary force can be realized by constructing interfacial
structures. Morphologically driven hemi-wicking on a roughened
interface is essential to promoting a principal boiling performance
factor of the allowable convective heat dissipation capacity of CHF.
The roughened morphology with cavity-like structures is favorable
to enhancing the convective heat dissipation efficiency of HTC for
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more efficient thermal energy dissipation. We presented that the
roughened surface without the creation of the hemi-wicking,
which should be required for interfacial liquid refreshing and must
be dependent on properties of a working fluid, rather deteriorates
CHF performance. For feasible creation of hemi-wicking, we
applied a design prerequisite [10,11], which have confined the
presence of the interfacial wicking, and presented the characteriza-
tion of wicking by controlling characteristic lengths of nanoscale
structures and consequent enhancements of the boiling perfor-
mance. Interfacial liquid refreshing through the morphologically
driven hemi-wicking led to a greater than 100% increase in CHF
and was realized by roughening surfaces using vertically aligned
SiNWs. Dimensional prerequisites initiating hemi-wicking with
regard to the characteristic length of SiNWs can be a potential
design guideline for practical engineering applications with its fea-
sibility and reliability.
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