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In boiling heat transfer, the emerging issues are the improvement of both the critical heat flux (CHF) and
the thermal stability. Nanowire-forested (NF) surfaces and subcooled environments are favorable for
improving CHF as well as the thermal stability owing to their distinctive morphology and consequential
convection expedition, respectively. In this study, the improvement of CHF and temperature uniformity/
stability are evaluated on NF surfaces immersed in de-ionized water with subcooling from 0 to 30 K using
a resistance temperature detector (RTD) sensor with five measuring points. NF surfaces catalyze dis-
persed, confined and fast bubble ebullitions under subcooling conditions, resulting in the delayed bubble
coalescences. This lead to the enhancement of CHF accompanying stabilized spatial/temporal tempera-
ture variations. We demonstrate that NF surfaces applying 30 K subcooled condition not only signifi-
cantly improve the thermal stability by reducing spatial/temporal temperature variations to less than
1/5 but also enhance CHF by 4.3 folds, compared to the plain surfaces under the saturated condition.
These remarkable enhancements show that NF surfaces can be effective solutions to secure the thermal
stability under vigorous boiling conditions.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past several decades, boiling heat transfer phenomena
have attracted a great deal of attention from researchers, prompt-
ing widespread application in various industries ranging from
large-scale power plants to small-scale electronics. Boiling heat
transfer, in which the working fluid undergoes a phase-change
from liquid to vapor, has greater heat-transfer capabilities than
single-phase convection schemes [1]. Many recent studies have
focused on developing practical cooling configurations capable of
sustaining harsh thermal loads, namely maximizing the heat-
dissipation capacity under stable operating conditions, i.e., increas-
ing the critical heat flux (CHF) and heat transfer uniformity/stabil-
ity [2–8].

Functional interfacial structures have intrinsic merits in the
context of boiling applications; fine structures can attain high sur-
face roughness and increase the heat-transfer area for heat dissipa-
tion. Nanoscale or nano-micro-hierarchical structures exhibit
strong interfacial hemi-wicking with consequential superhy-
drophilic wetting, which directly enhances the surface rewetting
against surface dry-out. As heterogeneous phase change and
sequential two-phase convection are strongly dependent on
solid–liquid interfacial characteristics such as roughness and wet-
tability [9–15], researchers have focused on the manipulation of
their functionalities for favorable nucleation and hydrodynamic
balance against surface dry-out. Recent studies reported CHF can
be dramatically improved by employing nanostructures on a boil-
ing surface [10–16]. Because surface wettability and morphology
can be controlled by nanoscale surface design, numerous studies
have focused on the invention and characterization of novel nanos-
tructures to enhance the heat and mass transfer for practical appli-
cation [12–20].

The distinctive morphology of nanowire-forested (NF) surfaces,
in particular, have shown promising results in their ability to
improve CHF and enhance heat transfer stability. As shown in
Fig. 1, on the basis of distinctive near-field characteristics of inter-
facial benefits for boiling concomitant with morphological aspects,
we have confirmed that the merits of NF surfaces extend to sub-
cooled boiling. In this regime, NF surfaces readily enhance CHF
by suppressing bubble coalescence. As subcooling is a far-field
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Nomenclature

A heating area (m2)
D diameter (m)
I current (A)
Ja Jakob number
k thermal conductivity (W/mK)
l latent heat (J/g)
P pressure (Pa)
q heat flux (W/cm2)
r radius (m)
T temperature (�C)
t thickness (m)
V voltage (V)

Greek letters
c surface tension (J/m2)
D difference
d thermal boundary layer thickness (m)

h contact angle (�)
q density (kg/m3)
r standard deviation

Subscripts
avg average
b bubble
c critical
eff effective
f fluid
r resistance temperature detector
Si silicon
sat saturated
sub subcooled
T temperature
w wall
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hydrodynamic property of boiling, the subcooling of working fluids
confines the behavior of nucleated bubbles [21]. Specifically, NF
surfaces contain submicron nucleation sites [10–12,18] that are
compatible with heterogeneous ebullition under subcooling condi-
Fig. 1. Schematic diagram showing the effects of nanowire-forested (NF) structures and
heat transfer.
tions, resulting in discrete nucleation and suppressed bubble
development.

Although many researches into enhancing boiling heat transfer
via nanoscale morphology control have been conducted [10–16],
subcooling conditions on critical heat flux (CHF) enhancement during pool boiling
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few researchers have investigated the combined effects of nanos-
cale morphology and subcooling in the context of boiling heat
transfer enhancement. In this study, we demonstrate the enhance-
ment of CHF and heat transfer uniformity/stability on NF surfaces
under various subcooling conditions based on bubble nucleation
mechanism using bubble visualization method. The effects of NF
structures on boiling heat transfer are investigated under 0–30 K
subcooling conditions using a resistance temperature detector
(RTD) sensor with five measuring points. The quantitative CHF
improvement on NF surfaces under subcooling conditions is corre-
lated with the sensitivity of CHF (i.e., the rate of CHF increase per
degree of subcooling). Finally, we suggest that NF surfaces can be
feasibly adapted under subcooling conditions to enhance CHF via
improved heat transfer stability.

2. Experimental methods

2.1. Preparation of nanowire-forested (NF) surfaces

We fabricated the nanowire surfaces using a metal-assisted
chemical etching method (MaCE) [20,22,23]. Using a piranha solu-
tion (3:1 mixture of H2SO4:H2O2), the substrate was cleaned by
dipping the selectively exposed RTD sensor, which was protected
by a Teflon cover, into the solution for 40 min. The substrate
was further cleaned in methanol for 5 min, and then acetone for
5 min. Next, the exposed area containing RTD sensor, which is
on the opposite side to RTD circuits, was exposed to an etching
solution (a mixture of 5-M HF and 0.02-M AgNO3) at room tem-
perature. The Ag+ ions in the solution naturally adhered to the
exposed silicon (Si) surface via an electrolytic substitution reac-
tion. Oxidation occurred at the point of contact between the Si
surface and the Ag+ ions, followed immediately by an etching reac-
tion with the HF. Thus, vertically aligned nanowires formed on the
Si surface region that had not been etched. In this study, NF sur-
faces, which had an average height of 17 lm, were fabricated
according to the method shown in the inset of Fig. 1. The fabri-
cated NF surfaces contained the natural micro-scale cavities (sizes
up to 1–2 lm), formed by van der Waals forces among the nano-
wires. In the following section, we discuss how these cavities can
Fig. 2. Pool boiling system and resistance temperature detector (RTD) sensor. (a) Schem
sensor with five measuring points. The five measuring points are marked S1–S5 from le
play the role of nucleation sites to promote active nucleate boiling
[10,20].

2.2. Characterization of surface morphology and contact angle

The nanowire structures were characterized in terms of their
average height and pitch using field-emission scanning electron
microscopy (FE-SEM; Model JEOL-JSM-7001F, JEOL Ltd., Japan).
The average diameters of the natural micro-scale cavities in NF
surfaces were measured using the commercially available micro-
scope software ‘‘I’MEASURE 2.0” (Ingplus, Korea). This software
analyzes the equivalent diameter of the cavities by assuming that
they are equivalent circles. The averaged equivalent diameter of
the cavities was calculated by averaging the diameters from five
high-resolution (2500�) SEM images. We evaluated the apparent
contact angles (CAs) on plain Si and NF surfaces using a CA mea-
surement system (KSV CAM-200, KSV Instruments, Finland). The
required images were taken with a high-speed camera with a res-
olution of 512 � 480 pixels and a 2-ms time interval. The CAs were
measured from images containing a droplet in contact with the
solid surface. The droplets had a volume of 2 lL. The CA was taken
to be the average of five measurements obtained under the same
conditions. Some of the geometric parameters of NF surfaces, such
as the roughness, CA, and average diameter, pitch, and height of
the nanowires, are listed in Supplementary Information.

2.3. Pool boiling facility and experimental conditions

Fig. 2(a) is a schematic of an experimental pool-boiling appara-
tus consisting of a main reservoir, a test section, a data-acquisition
system, and a bubble-visualization system. The bulk temperature
of the working fluid in the main reservoir was controlled by two
immersion heaters and a coil-type heat exchanger. The heat flux
of immersion heaters was controlled by a proportional-integral-d
erivative (PID) controller and the coil-type heat exchanger which
connected to constant temperature water bath was used for main-
taining subcooling temperature of working fluid in the main reser-
voir. Two K-type thermocouples are installed in the reservoir (as
shown in Fig. 2(a)) to measure local temperatures of a fluid and
atic diagram of the pool boiling experimental apparatus. (b) Photographs of RTD
ft to right (top) and NF structures are fabricated on the heating surface (bottom).
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it was used for checking a steady condition. A pressure gauge and a
vapor exhaust valve are installed to monitor and regulate pressure
conditions. The transparent windows on each face of the reservoir
enabled us to observe and photograph the bubbles. The test sec-
tion, which is for the installation of the local-temperature-
measuring RTD sensor, is located in the center of the reservoir.
The body of the test section was made from Macerite ceramic
(melting point: 1200 �C; thermal conductivity: 1.6 W/m�K) and
polyether ether ketone (PEEK; thermal conductivity: 1.7 W/m�K).
These materials were selected to minimize conductive heat loss
and prevent failures, even at CHF. We connected the electric cir-
cuits used to transmit the signal from RTD sensor via a data-
acquisition system and a power supply was connected to the
indium tin oxide (ITO) heater on RTD sensor. The electrodes on
RTD sensor were connected to the circuit by spring probes and cop-
per bars. The power supply was used to adjust the current passing
through ITO heater on RTD sensor and control the heat flux during
the experiments. The data-acquisition systems analyzed the elec-
trical resistance from RTD sensor, temperatures in the reservoir,
current, and voltage-drop from ITO heater. We use deionized water
as the working fluid, which was subcooled by 0, 10, 20, and 30 K
under ambient pressure conditions. In order to remove dissolved
gas in deionized water, degassing was conducted for 2 h prior to
the experiment. We conducted boiling experiment by fully filling
up the boiling chamber with the liquid to avoid the air space. In
addition, we installed condenser on the top of the boiling chamber
for avoiding loss of liquid, which can cause the air space of phase
change phenomena, by evaporation during 2 h degassing process.
Furthermore, because most of evaporated vapor changed to liquid
due to the condenser at the upper side of experimental apparatus,
the amount of liquid in the boiling chamber is hardly decreased
during 2 h degassing process. For these reasons, the air layer is
rarely generated in the chamber even after degassing. We closed
the pressure valve while setting the subcooling condition. This pre-
vented gas inflow into the chamber as the fluid temperature
decreased. All experiments were conducted while the bulk fluid
temperature and heat flux at the ITO heater were in a steady state.
We ensured steady heat-flux conditions by monitoring the voltage
drop and RTD signals for more than 3 min after each measurement
and current adjustment. The sampling frequency of the surface
temperature data from RTD sensor was 1000 Hz and the voltage
drop and thermocouple signals were measured at a rate of 2 Hz.
The data presented in this study are averaged values from a mea-
surement period of 30 s, obtained under steady-state conditions.

2.4. Visualization of bubble behavior and characteristics

We used a high-speed camera (Speedsense M110, Dantec, Den-
mark) and bubble visualization imaging software (ver. 3.30,
Dynamic Studio, Denmark) to acquire images of the departing bub-
bles, with an 80-W light-emitting diode backlight. Detailed bubble
images and the methods used to evaluate the equivalent bubble
departure diameters can be found in Supplementary Information.

2.5. Resistance temperature detector (RTD) sensor

RTD sensor was used for local temperature measurements and
to evaluate the boiling heat transfer performance. RTD sensor con-
sisted of a thin-film ITO heater (thickness: 500 nm) and a four wire
RTD sensor with five measuring points (S1–S5). Fig. 2(b) shows
RTD sensor used in this study. The distance between each measur-
ing point was 1.5 mm, and the ITO heater with a heating area of
0.5 cm � 1.0 cm was placed at the center of RTD sensor (7.5 cm
� 2.5 cm). RTD sensor enabled us to make accurate and reliable
spatial and temporal surface temperature measurements on the
boiling surface, as the perturbations caused by the installation pro-
cess were diminished. The response time of the sensor was 2.84 ms
(about 350 Hz); we intended for this to be less than the bubble
departure frequency, which was on the order of tens to hundreds
of hertz. RTD sensor is made of thin Pt layer (0.1 lm) and the size
is 162 � 162 lm2, so RTD sensor is capable of spatial temperature
measurement. The four wire method was used for measuring the
exact resistance of the serpentine design on RTD sensor. The resis-
tance of RTD sensor is big owing to the serpentine design, and the
increase in resistance due to temperature change is large enough
for accurate measurements (DR/DT � 1.5X/�C). Therefore, RTD
sensor can have the benefits of accuracy and reliability. The details
of the method used to fabricate RTD sensor are described in our
previous papers [10,19,20].
2.6. Data reduction

The applied heat flux, q00, can be calculated using q00 = V�I/A.
Hence, q00 can evaluated by measuring the applied current, I, the
voltage drop from the heater, V, and the confined heating area, A.
The five temperature measurement points and the ITO heater were
positioned at the bottom of RTD sensor. Therefore, we calculated
the exact boiling surface temperature using Tw = Tr � (q00�tSi)/kSi
where Tw, Tr, tSi, and kSi are the wall temperature just on the boiling
surface, the temperature measured by RTD, the thickness of the Si
substrate, and the thermal conductivity of Si, respectively. As the Si
substrate was thin (thickness: 500 lm), and Si has a high thermal
conductivity of 140 W/m�K, we assumed that heat was conducted
one-dimensionally, through the thickness of the Si substrate
[10,19,20]. We determined the onset of nucleate boiling (ONB) by
apparent bubble observation, and CHF by detecting temporal sur-
face temperature fluctuations over 15 K. As we were concerned
that CHF would damage the equipment, we predicted CHF as fol-
lows. The quantitative CHF value was determined by adding half
of the increment between the last heat flux showing the fluctua-
tion and the previous one prior to observing the symptom
[10,19,20]. The detailed explanations for determination of CHF
are contained in the Supplementary Information.
2.7. Uncertainty analysis

We predicted all errors from the experiments presented in this
study with a 95% confidence level, based on measured data for
each variable. Uncertainties associated with both the basic dimen-
sional variables and the main variables obtained from the data-
reduction procedure described above were analyzed using the
method suggested by Moffat [24]. The errors in the dimensional
estimations of RTD sensor were ±0.2% and ±1.32 K for the K-type
thermocouples. The main source of error in boiling experiments
was heat loss due to conduction to the test sections. It is not easy
to estimate this heat loss directly; thus, we estimated it indirectly
by analyzing the boundary conditions obtained from the experi-
ments. This estimation is reflected in the uncertainty of the applied
heat flux. Specifically, we used commercial CFD software (Fluent
v.6.3.26, ANSYS) to estimate the heat loss numerically. We com-
pared the numerical results to the experimental measurements
of the local temperature at the center of the heating surface. Then,
we conducted iterative calculations until the deviation between
the numerical and experimental results was 1.0%. Once this condi-
tion was satisfied, we estimated the quantitative heat loss by com-
paring the heat flux outwards from the heater surface to the
inward-projected heat flux. The uncertainty of the applied heat
flux with this heat-loss prediction is (dq00/q00) = [(dV/V)2 + (dI/I)2 +
(dA/A)2]1/2 + q00

loss, or 6.50%. The uncertainties in the wall tempera-
ture (6.52%) and convective heat transfer coefficient (9.21%) were
estimated using the same procedure. The uncertainty in the non-



Fig. 4. Bubble departure characteristics on plain and NF surfaces under subcooling
conditions. Black reversed triangles indicate ONB. The Inset shows the images of
bubble departure characteristics, averaged bubble departure diameter and fre-
quency, respectively. (a) Averaged bubble departure diameters. (b) Averaged bubble
departure frequencies.
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dimensional Jakob number was 0.02%, and the pixel uncertainty in
the bubble diameters in bubble shadow images was ±0.1 mm.

3. Results and discussion

3.1. Effects of nanowire-forested structures on boiling heat transfer
under subcooling conditions

CHF occurs when bubbles merge vigorously and form a vapor
film. This impedes heat dissipation from the boiling surface. To
maximize CHF, it is essential to weaken or delay the coalescence
of bubbles, even in high heat flux conditions [25–29]. The bubble
detachment size is a crucial factor in determining bubble merging.
It has been shown that there is a linear relationship between nucle-
ation and detachment bubble size during boiling [30,31]. As we
attenuate the nucleation size to decrease the bubble detachment
size, the attraction between bubbles diminishes, reducing the rate
of coalescence. Moreover, the vacant space between bubbles leads
to favorable liquid accessibility, enabling surface rewetting during
the phase change of the working fluid. Therefore, we can propose
how to obtain high CHF by considering the nucleation of small
bubbles. We suggest two strategies for nucleating small bubbles,
as shown in Fig. 1. From the near-field hydrodynamic perspective,
one strategy is to use NF structures that contain micro-cavities,
which act as nucleation seeds. The near-field interfacial character-
istics associated with this morphology can be controlled to manip-
ulate the bubble nucleation behavior and confine the arising
bubbles. The other strategy is based on the perspective of far-
field hydrodynamics; subcooling the working fluid shrinks the
bubbles generated. Fewer confined and shrunken bubbles coalesce,
preventing the formation of the insulating vapor film at high heat
flux.

CHF was 115% greater on NF surfaces than on plain surfaces at
the saturated fluid temperature, as shown in Fig. 3. The enhanced
CHF on NF surfaces demonstrates that the morphological features
of NF surfaces promote boiling by offering nucleation sites in the
form of submicron cavity-like structures, and by preserving super-
hydrophilic characteristics with strong interfacial hemi-wicking
[12,19,20]. NF surfaces have strong hydrophilic wetting character-
istics, with a CA below 10� (Fig. 3, inset). As shown in Fig. 4(a), the
average bubble departure diameter depends on the presence of
nanostructures, and decreases from 2.96 mm on plain surfaces to
1.10 mm on NF surfaces at the saturated fluid temperature. In
addition, as shown in Fig. 4(b), the average bubble departure fre-
quency increased from 41 Hz on plain surfaces to 74 Hz on NF sur-
Fig. 3. Boiling curves on plain and NF surfaces. Black arrows indicate CHF. Insets
present static wetting characteristics, SEM images of NF surfaces and wall
superheat of onset of nucleate boiling (ONB), respectively.
faces at the saturated fluid temperature. Separately detaching
small bubbles with a high detaching frequency leads to the cre-
ation of large vacant spaces between bubbles. This allows the liq-
Fig. 5. Effective cavity diameter ranges of plain and NF surfaces under subcooling
conditions. The inset SEM image shows the micron-scale cavity-like structures
formed by the conglomeration of nanowires.
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uid to access the boiling surface directly. These are intrinsic char-
acteristics of NF surfaces that effect ebullition behavior in a man-
ner that improves CHF [18].

In light of bubble formation and coalescence, as an ideal far-
field factor in boiling, the subcooling condition is controlled to
attenuate vigorous bubble generation and suppress its coalescence.
The thermal boundary layer created by superheating a fluid near a
boiling surface supports the development of bubbles. The thickness
of the thermal boundary layer is inversely related to the degree of
subcooling. That is, subcooling accompanies a decrease in the ther-
mal energy supplied to the fluid for bubble development. Conse-
quently, it confines unlimited bubble growth by configuring the
temperature gradient from a boiling surface, which accompanies
local superheating of a fluid over a boiling point, to subcooled bulk
fluid. Moreover, after their departure from the boiling surface, bub-
bles condense in the subcooled bulk fluid. The condensation at the
interface between the liquid and the bubble is proportional to the
Fig. 6. (a) CHF sensitivity as a function of the Jakob number (degree of subcooling) a
schematic diagram of its effect on the CHF sensitivity (right) of plain and NF surfaces.
level of subcooling [21]. Bubble departure diameters are shown in
Fig. 4(a); on plain surfaces, the bubble departure size decreased
from 2.96 mm (w/o subcooling) to 1.13 mm (with 30 K subcooling)
as the level of subcooling increased. Bubble departure frequency
increased with the level of subcooling, from 41 Hz to 78 Hz on
plain surfaces, as shown in Fig. 4(b). The bubble departure fre-
quency mostly depends on the bubble waiting period, because
the waiting period is much longer than the growth period
[32,33]. The waiting period is defined as the time it takes for the
thermal boundary layer to recover after a bubble departs from
the nucleation site. It was recently reported that the recovery of
the thermal boundary layer is governed by a combination of tran-
sient conductive and convective heat transfer in the case of highly
subcooled liquids (DT > 5 K) [32,33]. The thermal boundary layer
recovers faster in the high subcooling case because there is a large
temperature gradient and, hence, higher convection, compared
with the saturated condition. This mechanism can be used to
nd surface manipulation [43]. (b) Photographs of nucleation dynamics (left) and



1026 D. Lee et al. / International Journal of Heat and Mass Transfer 120 (2018) 1020–1030
reduce the waiting period and increase the bubble departure fre-
quency for liquids that are subcooled by more than 5 K. The smal-
ler and faster bubble detachment promotes liquid accessibility by
introducing vacant areas. These are required to ensure hydrody-
namic stability between the upward bubble escape and downward
liquid refresh under subcooled conditions. Fig. 3 shows that 30 K
subcooling improved CHF by more than 168% on untreated plain
surfaces.

Considering the aforementioned independent strategies of
manipulating the near-fieldmorphological interface using a surface
with NF structures and introducing far-field hydrodynamic effects
by subcooling, a possible synergetic effect can be pursued for higher
CHF. Suppression of bubble development under subcooling could be
optimized onmanipulatedNF surfaces,which promotes smaller and
easier nucleation of bubbles with lower wall superheating through
their own cavity-like nucleation sites. Fig. 4(a) shows that the small-
est bubbles—with diameters of up to 500 mm—occur even at the
detaching stage on NF surfaces with 30 K subcooling. This can be
explained from the bubbles’ origin of nucleation according to effec-
tive cavity sizes. As discussed, the bubble departure should rely on
their nucleation and sequential development determined by mor-
phological characteristics and thermohydrodynamic conditions
above a boiling surface [12,20]. Regarding these points, the prereq-
uisite condition for nucleation can be demonstrated by considering
embryo evolution into bubble nucleation [10,30,31]. For active
nucleation sites, vapor nuclei should form at an elevated pressure
that is higher than that of the surrounding liquid. The pressure dif-
ference between the nuclei and the surrounding liquid isDP = 2c/rb
where c and rb are the surface tension of the fluid and the radius of
the bubble, respectively. Herein, wall superheating is an apparent
energy source for the pressure increase, and it induces a tempera-
ture gradient in the thermal boundary layer. In the presence of wall
superheating and a subcooled bulk fluid, the range of effective
nucleation cavities reff is predicted as follows [31]:

reff;minðDTw;DTsubÞ
reff;maxðDTw;DTsubÞ

� �

¼ dD2

2D1
� DTw

DTw þ DTsub
1

�
þ

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 8D1cTsatðPlÞðDTw þ DTsubÞ

qv ldtðDTwÞ2
s" #

;

ð1Þ
where DTw, DTsub, d, Tsat, qv, and l are the wall superheat, degree of
subcooling, thermal boundary layer thickness, liquid saturation
Fig. 7. Shadowgraph images of bubbles at the same wall superheat temperature under
bubble departure characteristics of NF surfaces under different subcooling conditions. (Fo
to the web version of this article.)
temperature, vapor density, and latent heat of the fluid, respec-
tively. The static wetting characteristics of an interface are reflected
by two terms: D1 (= 1 + cosh) and D2 (= sinh) where h is the apparent
CA on the interface. The effective cavity diameter 2reff is governed
by both the wetting (h is 46.5� and 6.4� on plain and NF surfaces)
and subcooling, as shown in Fig. 5. Hence, we can reduce reff by
increasing the level of subcooling. In particular, 2reff decreased from
7.76 lm to 1.96 lm on NF surfaces when we increased the degree
of subcooling to 30 K. To understand the synergetic effects of NF
surfaces under subcooling, we focus on several interesting charac-
teristics of NF surfaces: 17-lm-high NF surfaces create cavity-like
structures formed by their conglomeration due to the van derWaals
force [20,22,23] and their averaged characteristic diameter 2rc,avg
is approximately 1.65 ± 0.22 lm as shown in the inset of Fig. 5,
which readily realize small nucleation commensurate with the
effective cavity predictions in Fig. 5. NF structures-created cavities
with a characteristic diameter near 2reff must be effective to cat-
alyze nucleation with lower wall superheat. Since the excellent
match-up between the apparent characteristic size and the prereq-
uisite of effective cavities is attained by the manipulation of an
interface, the smallest bubbles could be monitored on NF surfaces
with 30 K subcooling. Bubble departure sizes are much smaller
and bubble coalescence is more suppressed on NF surfaces com-
pared to plain surfaces under the 30 K subcooling condition at var-
ious wall superheat. The integrative approach of the far-field
subcooling control and the near-field surface manipulation could
lead to CHF extension.
3.2. Sensitivity of CHF on NF surfaces under subcooling conditions

CHF sensitivity under subcooling refers to the dependency of
CHF enhancement on subcooling. It is clear that NF surfaces are
optimal candidates for enhancing CHF under subcooling conditions
[16,25,34–41]. CHF is expressed directly in terms of the degree of
subcooling. The secondary effects on local convective behavior
can be described in terms of properties that depend on pressure.
At atmospheric pressure, CHF improvement is expressed as qc,sub/
qc,sat � 1 + f(DTsub, ql(P)/qv(P)) [4,38,41]. In the case of untreated
plain surfaces with no interfacial manipulations, subcooling has
no effect on CHF sensitivity, which implies the absence of interfa-
cial effects. Thus, we can derive a modified expression for CHF ratio
that considers the effects of both subcooling and interfacial modi-
fications, as follows:
subcooling conditions on plain and NF surfaces. The red dotted box describes the
r interpretation of the references to color in this figure legend, the reader is referred



Fig. 8. Thermal uniformity and stability of plain and NF surfaces under 0 K- and 30 K-subcooling conditions for various heat flux values. (a) Temperature distribution (RTD
sensor locations: S1–S5) and (b) temperature variation with time (at RTD sensor location S3) on plain and NF surfaces under 0 K- and 30 K-subcooling conditions.
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qc;sub;i

qc;sat
¼ qc;i

qc

� �
sat

þ f DTsub;
qlðPÞ
qvðPÞ

� �

¼ Ai þ Si � ql

qv

� ��1
4

� Ja Ja ¼ qv
ql

� Cp � DTsub

l

� �
; ð2Þ
where Ja, Cp, qv, ql and l are the Jakob number, the specific heat of
the liquid, the density of the vapor, the density of the liquid and the
latent heat of the liquid, respectively. The subscript i denotes the
surface condition. Ai is the ratio of CHF on the manipulated surface
to CHF on an untreated surface at saturation. This indicates the
advantages of surface manipulation even at saturation. Si is CHF
sensitivity under subcooling, which represents the gradient of
CHF increment versus subcooling. Herein, Zuber’s CHF model is
used to predict a reference CHF at saturation that takes the effect
of pressure into account [25,42]. We can see from Fig. 6(a) [43] that



Fig. 9. (a) Standard deviation of the surface temperature (RTD sensor locations: S1–S5) and (b) standard deviation of the temporal temperature variation (at RTD sensor
location S3) at CHF on plain and NF surfaces under 0 K- and 30 K-subcooling conditions.
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the interfacial effects induced by NF structures benefit both the y-
intersect, Ai, which is 115% larger than that of plain surfaces, and
the sensitivity, which increased by 30.8%. The increase in Ai induced
by the nanoscale structures can be explained in terms of near-field
effects. The improvement is caused by the intrinsic interfacial char-
acteristics of direct interfacial re-wetting and hemi-wicking, which
is attributed to the rough morphology on a high surface energy sub-
strate [18–20]. Thus, the catalytic cavity-like structures enhanced
sensitivity, which was further optimized by subcooling under
nucleation-suppression conditions. The sensitivity improvement
may be caused by a synergetic effect. Liquid accessibility is required
to delay CHF onset; nucleation and the resulting surface rewetting
are enhanced by subcooling, which diminishes bubble nucleation/
development. While the subcooling reduces the sizes of the bubbles
on the boiling surface, the direct contact area between the heat-
transfer surface and the bulk liquid is enlarged, increasing the num-
ber of heat-dissipation paths. The visualized bubble images in the
red2 square of Fig. 6(b) show the effect of subcooling on bubble size
and the enlargement of the liquid contact area on plain and NF sur-
faces. Both images in the red square were photographed at the end of
the inertia-controlled growth period, which means that the bubble
contact area was maximized during bubble growth and departure
[37]. As opposed to plain surfaces, the extension of the vacant
solid–liquid contact area leads to additional hemi-wicking, which
promotes liquid accessibility on NF surfaces. The contact area
increases more on surfaces with higher interfacial roughness, such
as NF surfaces, than on lower-roughness or untreated surfaces, as
shown in Fig. 6(b). Therefore, CHF sensitivity, which depends on
the level of subcooling, is a function of the morphology of the inter-
face. It can be improved using highly roughened boiling surfaces, as
these cause severe bubble shrinkage and ebullition. CHF sensitivity
of NF surfaces is 0.153, 30.8% greater than that of plain surfaces
(Splain = 0.117). Although the scope for making quantitative compar-
isons with the results of previous work is limited due to the differ-
ences in experimental conditions and fluidic properties, the
sensitivity enhancement of up to 30.8% on NF surface is a remarkable
achievement compared with the 13% increase resulting from manip-
ulating the morphology of micro-porous structures [44]. This high-
lights the validity of the role of NF surfaces, which can be
optimized with subcooled boiling, compared with other types of
manipulated surfaces.
2 For interpretation of color in Fig. 6, the reader is referred to the web version of
this article.
3.3. Thermal uniformity and stability on NF surfaces under subcooling
conditions

As shown in Fig. 7, NF surfaces in subcooling conditions gener-
ate even smaller and faster bubbles than saturated NF surfaces,
resulting in better temperature uniformity/stability under subcool-
ing conditions. Fig. 8(a) shows the time-averaged spatial tempera-
ture distribution (RTD sensor locations: S1–S5) of the boiling
surface on plain and NF surfaces under subcooling temperatures
of 0 K and 30 K. There were large local temperature deviations on
the plain surfaces, over 7.2 K over the short lateral distance (3
mm) from the center of RTD sensor to the outer edge. In the satu-
rated condition, the temperature at the center exceeded 147.2 �C
with a spatial standard deviation of 2.9 K at a heat flux of 93.7
W/cm2. In contrast to the plain surfaces, the temperature at the
center of NF surfaces decreased remarkably, to 131.7 �C, the spatial
standard deviation decreased to 1.3 K, and the heat flux was 209.5
W/cm2 under saturated conditions. Additionally, temperature uni-
formity was enhanced by immersing NF surfaces in highly sub-
cooled water (DTsub = 30 K), leading to a spatial standard
deviation of 0.6 K and heat flux of 415.1 W/cm2. From these results,
we can conclude that NF surfaces with high subcooling (DTsub = 30
K) exhibit enhanced surface temperature uniformity, with a spatial
standard deviation of less than 0.6 K. Fig. 8(b) shows the temporal
variations of the surface temperature at the central point (S3) of
the plain and NF surfaces under subcooling temperatures of 0 K
and 30 K. On the plain surfaces, the amplitude of the peak temper-
ature fluctuations was greater than 14.6 K, the temporal standard
deviation was 2.3 K, and the heat flux was 93.7 W/cm2 in saturated
conditions. These high temperature fluctuations occurred because
the coalescing bubbles formed a vapor film that limited heat dissi-
pation towards the working fluid. This phenomenon generates
sudden temperature increases that eventually cause thermal fail-
ures at the surface. Severe temperature fluctuations can create a
large temperature gradient on the boiling surface, which leads to
high thermal stress. Recurrent thermal stress under long-term
boiling applications causes thermal fatigue and, eventually, critical
thermal failure. In contrast to the plain surfaces, no abnormal tem-
perature fluctuations occurred on NF surfaces for any of the heat
flux or subcooling conditions tested. The temporal standard devia-
tion was 0.8 K and the heat flux was 209.5 W/cm2 on NF surfaces
under saturated conditions. In addition, we significantly reduced
the amplitude of the temperature fluctuations by immersing NF
surfaces in highly subcooled water (DTsub = 30 K). In this case, the
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amplitude of the temperature fluctuations was less than 3.5 K, the
temporal standard deviation was 0.4 K, and the heat flux was
415.1 W/cm2.

In summary, as shown in Fig. 9(a) and (b), using saturated NF
surfaces to enhance temperature uniformity/stability, we reduced
the spatial and temporal standard deviations of the temperature
at CHF from 2.9 K to 1.3 K and 2.3 K to 0.8 K, respectively. When
combining NF surfaces with high subcooling (DTsub = 30 K), we
reduced the spatial and temporal standard deviations of the tem-
perature at CHF from 1.3 K to 0.6 K and from 0.8 K to 0.4 K, respec-
tively. This is because NF surfaces under subcooling conditions
generate smaller bubbles with a higher departure frequency than
saturated NF surfaces. As a result, large spatial/temporal vacant
areas form between the bubbles, permitting direct contact
between the boiling surface and the working fluid. These physical
explanations of the spatial/temporal bubble dynamics, which
increase the liquid re-wetting capability, may be the primary cause
of the reduced spatial/temporal temperature deviations of NF sur-
faces under subcooling conditions. In other words, we have
demonstrated that NF surfaces under the subcooling conditions
significantly enhance the heat transfer uniformity/stability. We
reduced the spatial/temporal temperature variations, on NF sur-
faces with 30 K subcooling, to less than 1/5 of that on plain sur-
faces under the saturated condition. This highlights the fact that
we can improve thermal stability under vigorous boiling condi-
tions using NF boiling surfaces.
4. Conclusion

We suggest that NF surfaces are efficient on boiling heat trans-
fer under subcooling environments owing to their interfacial
advantages: morphological aspects involving cavity-like nucle-
ation sites formed by high-aspect-ratio nanostructures, and sec-
ondary hydrodynamic aspects involving bubble shrinkage and
vacant area for liquid accessibility. Although subcooling of the
working fluid confines the development of nucleation, NF surfaces
interestingly offer sub-micron nucleation sites which can promote
heterogeneous ebullition even under the subcooled conditions.
Dispersed, confined and fast bubble ebullitions on NF surfaces
under subcooled conditions lead to the enhancement of CHF
accompanying stabilized spatial/temporal surface temperature
variations by suppressing the bubble coalescences. NF surfaces
applying 30 K subcooled condition remarkably diminish the spa-
tial/temporal temperature variations at CHF to less than 1/5 of that
on plain surfaces under the saturated condition. CHF of 428 W/cm2

is obtained on NF surfaces under 30 K subcooled condition,
improved by 430% compared to plain surfaces under the saturated
condition. This remarkable enhancement shows that NF surfaces
can be used to improve thermal stability under vigorous boiling
conditions. The foregoing demonstrations and results will aid the
thermal and fluidic design for micro-device [4–53] and macro-
system [54–56] cooling, with applications ranging from CPU chip
cooling to power-plant system cooling under severe subcooling
conditions.
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