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h i g h l i g h t s

� Pool boiling experiment is conducted on micro-nano hybrid surfaces (MNHS).
� Thermal stability is evaluated using a local temperature-measuring sensor of RTD.
� CHF and thermal stability are analyzed by the bubble merger phenomena on MNHS.
� MNHS notably enhance CHF by delaying bubble merger and maximizing bubble density.
� MNHS reduce spatial/temporal temperature variation at CHF to less than 1/3 and 1/4.
a r t i c l e i n f o

Article history:
Received 23 February 2017
Revised 27 September 2017
Accepted 27 October 2017
Available online 13 November 2017

Keywords:
Boiling heat transfer
Micro-nano hybrid surface
Thermal uniformity and stability
Critical heat flux
Bubble coalescence
a b s t r a c t

In two-phase heat transfer, promising issues include not only improving the boiling performance but also
the surface temperature uniformity and stability, which indicate that how long the system maintains
thermal stability without a failure on the surface. In this study, the merits of micro-nano hybrid surfaces
(MNHS) are discussed for enhancing the thermal uniformity/stability and boiling heat transfer perfor-
mance. Spatial/temporal heat transfer characteristics are evaluated on MNHS using a local
temperature-measuring sensor of resistance temperature detector (RTD). We demonstrate that MNHS
can enhance not only boiling performance but also thermal uniformity/stability by delaying bubble coa-
lescence with an appropriate design of the location of the nucleation sites and the nucleated bubble size.
The confining effects of nucleated bubbles on nanowire (NW) structures and of uniform bubble nucle-
ation on uniformly distributed micro-cavity (MC) structures lead to the reliable enhancement of thermal
uniformity/stability as well as critical heat flux (CHF) in pool boiling environments. These combined
effects of the NW and MC structures could delay the bubble coalescence phenomenon by catalyzing bub-
ble nucleation dispersedly and quickly at small bubble sizes. When the normalized pitch of the nucleation
sites is 1, namely the pitch of the nucleation sites and the bubble departure size have the same dimen-
sion, CHF is significantly enhanced, by more than 170%, on an MNHS versus a plain surface by delaying
bubble coalescence and maximizing bubble density. Boiling heat transfer using an MNHS represents a
breakthrough reducing the spatial and temporal temperature variation at CHF to less than 1/3 and 1/4,
respectively, compared with a plain surface.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In accordance with advances in technology, huge and repeated
locally concentrated thermal loads are generated due to high tem-
perature gradients in devices such as electrical device, nuclear
reactors, gas turbines, and nuclear fusion devices [1,2]. Such locally
concentrated thermal loads will ultimately cause thermal stress
and fatigue, which are major reasons for the fatal failure of sur-
faces. Thus, effective cooling technologies ensuring thermal unifor-
mity/stability should be used to cool such devices, releasing the
concentrated thermal load. One such potential cooling technology
is boiling heat transfer, which is based on a phase-change phe-
nomenon that entails heterogeneous nucleation of a liquid coolant
for extremely high heat-dissipating applications [3].

One of the most important performance factors in boiling heat
transfer is the critical heat flux (CHF). The CHF is defined by the
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Nomenclature

A area (m2)
D diameter (m)
I current (A)
k thermal conductivity (W/m�K)
P perimeter (m)
q heat flux (W/m2)
R radius (m)
r roughness
s pitch of nucleation sites (m)
T temperature (�C)
t thickness (m)
V voltage (V)
w width (m)
x bubble merged diameter (m)
y number of bubbles

Greek letters
D difference
d thickness of thermal boundary layer
h contact angle (�)
q density (kg/m3)
r standard deviation

Subscripts
avg average
b bubble
c center
cv curve
e equivalent
eff effective
h heater
o offset
r resistance temperature detector (RTD)
Si silicon
sat saturated
sub subcooled
t thickness
v vapor
w wall

Superscript
⁄ ideal condition
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upper limit of the heat flux resulted from intermittently dry-out of
the heating surfaces and following abrupt wall temperature
increases within the slug and columns region where the vigorous
bubble coalescences occur [4,5]. Thus, there have been many stud-
ies on enhancing CHF by delaying bubble coalescence using various
techniques, such as surface morphology and wettability control
[6,7]. Microstructures, such as pillars and cavities, can be effective
in delaying bubble coalescence by causing discrete bubble nucle-
ation [8–11]. Especially, micro-cavity (MC) structures have the
advantage of controlling the location of bubble nucleation sites
precisely [12–15]. However, MC structures have a disadvantage
in supplying coolant to the heating surface in comparison with
nanoscale structures. Because MC structures have limitation to
increase surface wettability compared to nanoscale structures
which have superhydrophilic characteristics. Therefore, in recent
years, many studies have been conducted on CHF enhancement
using nanoscale structures, such as nanowires [16–20]. In particu-
lar, Nanowire (NW) structures significantly enhance the CHF, not
only due to their superhydrophilic characteristics, but also by gen-
erating dispersed, small, and high frequency bubbles, which enable
a liquid path to be secured for direct contact with the boiling sur-
face and working fluid, by means of 1–2 mm natively formedmicro-
cavities [21–23]. However, in contrast to artificial MC structures,
because random natively formed micro-cavities are inevitably pro-
duced during the NW fabrication process, it is hard to control the
location of bubble nucleation sites precisely on NW structures.

In previous research, there have been many efforts to enhance
boiling performance using micro-nanowire hybrid surfaces
(MNHS) by increase of surface wettability (contact angle (CA),
wicking) [24–29]. However, there has been relatively little
research on enhancing boiling performance using MNHS by pre-
venting bubble coalescence using artificial control of bubble
dynamics, such as the location of bubble nucleation sites and
nucleated bubble size [30].

In this study, we fabricated an MNHS to enhance the boiling
performance and thermal stability/uniformity, by delaying bubble
coalescence using control of the location of nucleation sites and
nucleated bubble size. The MNHS was fabricated by a two-step sil-
icon etching process, which involved etching for micro patterning
and metal-assisted chemical etching (MaCE) for NW synthesis
[31]. The MNHS fabrication method is simple and precise, and
can readily produce an MNHS over the area of an entire wafer. Pool
boiling experiments were conducted under saturated temperature
at atmosphere pressure conditions on plain, MC, and NW surfaces,
and the MNHS. We demonstrate that the MNHS was able to
enhance not only CHF, but also thermal stability/uniformity by
delaying bubble coalescence and maximizing bubble density with
appropriate design of the location of nucleation sites and control
of nucleated bubble size.

2. Experimental apparatus

2.1. Preparation of micro-nanowire hybrid surfaces (MNHS)

To fabricate MNHS, we used a two-step silicon etching process,
composed of deep trench reactive ion etching (DRIE) and wet etch-
ing (electroless etching). MNHS with MC and NW structure is
schematically shown in Fig. 1(a). First, microstructures were fabri-
cated by dry etching using a P-type silicon wafer (resistivity 1 to
20X cm doped with boron). In the silicon dry process (Bosch pro-
cess), which is widely used as a dry etching method for making
deep silicon trenches, a passivation layer (polymeric C4F8) was
deposited to prevent over-etching of the sidewalls of the silicon
trenches. This layer can be left in place or removed from the side-
walls of the microstructure by selecting the appropriate PR striping
method. To fabricate microstructures without a thin sidewall
structure, the PR and polymeric passivation layers deposited on
the sidewalls should be removed by the Asher process. The fabri-
cated microstructure is shown in Fig. 1(b).

The NW surface was fabricated using a MaCE method [32]. We
cleaned the substrate using a Piranha solution (3:1 mix of H2SO4:
H2O2) and immersed the selectively exposed sensor, with a Teflon
case, in the solution for 40 min. Further, the substrate was washed
with methanol and acetone for 5 min, respectively. Next, the
exposed area of the sensor, the opposite side to the RTD and ITO
circuits on the sensor was exposed to an etching solution (a mix
of 5 M HF and 0.02 M AgNO3) at room temperature. The Ag + ions
contained in the solution are naturally attached to the exposed sil-
icon surface through an electrolytic substitution reaction. Oxida-
tion takes place at the point of contact between the silicon



Fig. 1. Schematics and scanning electron microscopy (SEM) images of micro-cavity, nanowire and micro-nanowire hybrid surfaces (MNHS). (a) Schematics of different liquid
supplying and bubble formation for various surfaces. Dimensions and SEM images of (b) micro-cavity, (c) nanowire and (d) MNHS.
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surface and the Ag + ions and is followed by an immediate etch
reaction by HF. Therefore, the vertically aligned NW structure
can be formed from the remaining un-etched silicon portions. In
this study, an NW surface (average height 17 lm) was fabricated
as shown in Fig. 1(c). The Fabricated NWs on silicon substrates
contains naturally formed microscale cavities (up to 1–2 lm in
size) formed by van der Waals forces between the nanowires.
Finally, MNHS with MC and NW structures was fabricated by com-
bining these two structures as shown in Fig. 1(d).

2.2. Characterization of morphology and contact angle

MNHS was characterized by field emission-scanning electron
microscopy (FE-SEM) (JEOL-JSM-7001F, JEOL Ltd., Japan). The aver-
age height and pitch of MNHS were measured using FE-SEM
images. Microscope I’Measure software (Ingplus, Korea) was used
to determine the average diameter of the natural microscale cavi-
ties of the NW structure and the diameter of the artificial micro
cavities of the MC structures. This software analyzes the equivalent
diameter of natural microscale cavities on the NW structures and
the diameter of artificial microscale cavities on the MC structure.
This is based on the assumption that the shape of the microscale
cavity is a perfect circle. The data measured for five frames with
high resolution (�2500) SEM images were averaged to determine
the equivalent diameters of the natural microscale cavities and
artificial micro cavities on the NW and MC surfaces, respectively.
Apparent CAs on plain, MC, and NW surfaces, and MNHS were
characterized using a contact angle measurement system (KSV



Fig. 2. Schematic diagram of the pool-boiling system and local temperature-
measuring sensor. (a) Pool-boiling experimental apparatus. (b) Integrated heater
and resistance temperature detector (RTD) sensor (top) and locations of five RTD
sensors (bottom).
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CAM-200; KSV Instruments, Finland). The images were acquired
using a high-speed camera with a resolution of 512 � 480 pixels
and a time interval of 2 ms. CAs were measured based on the
images captured when water droplets contacted the solid surfaces.
The volume of water droplets was 2 lL, and the CA was determined
by averaging the five measured values under the same conditions.

2.3. Visualization and analysis of bubble characteristics

Using a high-speed camera (Speedsense M310, Dantec,
Denmark) and bubble visualization imaging software (version
3.30, Dynamic Studio, Denmark), we obtained an images of the
departing bubbles by providing backlight with an 80 W LED. Bub-
ble departure characteristics were visualized using the shadow-
graph method on the plain, MC, and NW surfaces, and on MNHS
at the onset of nucleate boiling (ONB) and at the partial nucleate
boiling region. Detailed bubble departure behavior video clip is
contained in Supplementary Movie 1.

The bubble-merged diameters were analyzed with the bubble
visualization imaging software, using the particle characteristic
analysis function. The software analyzes the equivalent merged
diameters of bubbles by assuming that the recorded 2D image of
the merged bubble is a perfect circle. The equation for the equiva-
lent merged diameter is as follows:

de ¼ 1:55 � A
0:625
b

P0:25
b

ð1Þ

where Ab and Pb are the cross-sectional area and perimeter of the
bubble, respectively [33]. The detail bubble-merged behavior video
clip is contained in Supplementary Movie 2.

2.4. Pool boiling experimental condition

Fig. 2(a) is a schematic diagram of an experimental pool
boiling apparatus, composed of a 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 con-
trolled by two immersion type heaters and a coil type heat
exchanger. The working fluid temperature was controlled by a
proportional integral differential (PID) temperature controller of
the immersion heater and the heat exchanger connected to a
constant temperature water bath. Two K-shaped thermocouples
were installed at different heights of the reservoir to measure
the local temperature of the fluid and to confirm the steady
state. A pressure gauges and vapor exhaust valves are installed
to monitor pressure conditions and maintain the atmospheric
pressure in the boiling chamber, respectively. Transparent win-
dows on the side of the reservoir allowed bubbles to be visual-
ized. The test section, for installing a local temperature
measurement sensor is located in the center of the reservoir.
The body and bottom of the test specimen were made of Macer-
ite ceramics (melting point of 1200 �C and thermal conductivity
of 1.6 W/m�K) and polyether ether ketone (PEEK; thermal con-
ductivity of 1.7 W/m�K), respectively, to reduce conductive heat
loss and avoid failures, even at CHF. Data acquisition system
was connected to the sensor for signal acquisition and current
supply can be achieved by using a power supply, respectively.
Electrical connections were made through spring probes and cop-
per rods with electrodes of the sensor. The power supply was
used to control the current through the ITO heater on the sensor
and adjust heat flux values during boiling experiment. Data
acquisition system analyzes electrical signals such as the electri-
cal resistance of the RTD sensor, temperature of the reservoir,
and the current and voltage drop of the ITO heater. In this study,
deionized water was used as the working fluid and preliminary
degassing was performed for 2 h before the experiment. We
performed pool boiling heat transfer experiments at saturated
temperatures under ambient pressure conditions. All experi-
ments were performed under steady state conditions for the bulk
fluid temperature and heat flux of the ITO heater. To achieve
constant heat flux conditions, the voltage drop and RTD signals
were monitored for more than 3 min at each measurement after
current adjustment. The surface temperature data from the RTD
sensor were collected at 1000 Hz and the voltage drop and
thermocouple signals were measured at 2 Hz. Data presented
here are averaged values from 30 s measurements obtained
under steady state conditions.
2.5. Local temperature-measuring sensor

A sensor chip composed of a thin film heater (indium-tin-oxide
[ITO], 500 nm thick) and four-wire platinum resistance tempera-
ture detectors (RTD) with five measurement points (1–5) was
designed for local temperature characterization. Fig. 2(b) shows
the fabricated local temperature sensor. The distance between
the measurement points is 1.5 mm and the ITO heater with a
heating area of 0.5 � 1.0 cm2, is at the center of the sensor chip
(7.5 � 2.5 cm2). This sensor chip provides high accuracy and
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reliability in terms of surface temperature measurement through
the RTD of the boiling surface, thus reducing any perturbation
caused by the installation process. The response time of the sensor
was 2.84 ms and was designed to be faster than the bubble depar-
ture frequency of tens to hundreds of Hertz. Details of the fabrica-
tion of the sensor chip can be found in previous papers [34].
2.6. Data reduction

The applied heat flux, q00, is estimated by the applied induced I,
voltage drop from the heater, V, and limited heating area, A, and
can be expressed as q00 = V � I/A. The RTD sensor and ITO heater
are located on the bottom surface of the test specimen. Because
the silicon substrate has thin thickness (500 lm) and high thermal
conductivity (140 W/m�K), we consider that one-dimensional con-
duction heat transfer according to Fourier’s law is reasonable to
predict Tw from Tr [34]. Therefore, the exact boiling surface temper-
ature can be achieved as Tw = Tr � (q00 � tSi)/kSi taking into account 1-
D conduction, where Tw, Tr, tSi, and kSi are the wall temperature on
the boiling surface, temperature measured from RTD, thickness of
the silicon wafer, and thermal conductivity of the silicon wafer,
respectively. For the unique markers of heat flux during boiling,
ONB is determined by first bubble observation, and CHF is evalu-
ated by detecting temporal surface temperature fluctuations above
15 K. Because we were concerned that CHF may damage the exper-
imental apparatus, we predicted CHF as described, and the quanti-
tative value was calculated by adding half of the increment
between the last heat flux showing the vigorous fluctuation and
the previous one, before observing the warning signal.
2.7. Uncertainty analysis

All errors related to the experiments presented in this study
were estimated with 95% confidence level, using measured data
for each variable. The uncertainty analysis was performed on the
main variables described in the above data reduction procedure
as well as the basic dimension variables, and was based on Moffat’s
method [35]. Errors for dimensional estimations in terms of the
fabrication of the RTD sensor, and for temperature measurement
by thermocouples, were ±0.2% and ±0.05%, respectively. For the
uncertainty in heat flux, it is difficult to calculate the amounts of
dissipated heat flux by pure boiling phenomena towards the exter-
nal environment due to the complex boundary conditions. There-
fore, the major heat loss that could cause the uncertainty was
estimated by a numerical 3D analysis using a commercial CFD
code, Fluent 6.3.26 (ANSYS), and validating its results with exper-
imental ones. Using the measured temperature at the center point
of the RTD, we extracted representative temperature values for
comparison. However, since the boiling heat transfer coefficient
cannot be directly measured, initial boundary conditions were first
adopted from the experimental data and iterative calculations with
the previously developed boundary calculations were performed.
At certain heat-flux values, the surface temperatures were moni-
tored until we obtained a deviation below 1% from the experimen-
tal temperature value. At the satisfied condition, heat flux towards
the external environment on the heater surface was compared to
the input heat-flux condition, and we estimated the quantitative
heat loss. In regard to this heat-loss prediction, the uncertainty
in the applied heat flux was compensated as (dq00/q00) = [(dV/V)2 +
(dI/I)2 + (dAh/Ah)2]1/2 + q00

loss, and was 6.5%. The uncertainties for
the wall temperature and convective heat transfer coefficient were
analyzed according to the same procedure used for the uncertainty
calculation; they were 6.5% and 9.2%, respectively. In terms of bub-
ble shadow images obtained from the visualization, the pixel
uncertainty in the bubble diameter was ±0.1 mm.
3. Results and discussions

3.1. Boiling performance and nucleation characteristics

The critical heat flux (CHF) of boiling heat transfer is related to
bubble coalescence and wicking phenomena [36,37]. MC struc-
tures are able to generate bubbles selectively by locally concen-
trated heat flow, using arranged micro cavities that affect the
delay in bubble coalescence. NW structures can not only supply
liquid to the surface by hemi-wicking phenomena, but also
decrease the bubble diameter at the nucleation site due to the
natively formed micro cavity morphology. For these reasons, as
shown in Fig. 1(a), we fabricated a micron MNHS to enhance
CHF, taking advantage of MC and NW structures. Fig. 1(b) shows
the dimensions of the MC: 160 mm diameter, 30 mm depth, and 1
mm pitch between adjacent cavities. Fig. 1(c) shows the dimen-
sions of the NW structures, 17 mm high, and Fig. 1(d) shows the
MNHS dimensions, which are the same as those of the MC and
NW structures. In this study, pool boiling experiments were con-
ducted to evaluate the boiling heat transfer performance of MNHS
under saturated conditions.

Fig. 3 shows the boiling heat transfer characteristics with wall
superheat. In Fig. 3, the blue arrows indicate ONB, which is the
starting point of boiling heat transfer, and the black arrows indi-
cate CHF, which is the maximum heat dissipation capacity of the
surface. The results show that MNHS has increased boiling perfor-
mance, in terms of both ONB and CHF. For ONB, MNHS reduced the
wall superheat for the starting point of the phase change by 15.8 K,
6.8 K, and 3.1 K, in comparison with the plain, MC, and NW sur-
faces, and the CHF of the MNHS was enhanced, by 172%, 118%,
and 23%, versus the plain, MC, and NW surfaces, respectively. We
thought that the micro and nanostructures should each have a role
in the boiling heat transfer enhancement of the MNHS. Thus, to
explain the results of CHF enhancement, we analyzed the phenom-
ena related to the micro and nanostructures with regard to boiling
heat transfer. First, we analyzed the ONB results for MC and NW.
Regarding the plain and MC surfaces, MC has a faster ONB than
the plain surface. As shown in Fig. 4(a), because heat flow concen-
trates towards the tip of the MC and causes a higher temperature
than in the remaining surface, bubble nucleation at the cavity
occurs faster than on a plain surface [38]. In Fig. 4(a), bubble ebul-
lition occurs at the MC. This means that the MC has a role in indi-
cating the nucleate site for bubble nucleation. Regarding the NW
surface, it has a faster ONB than the MC and plain surfaces. Fig. 4
(b) shows bubble nucleation characteristics at ONB on plain, MC,
and NW surfaces, and on the MNHS. To explain the faster ONB
on the NW surface, we calculated the effective nucleation site,
based on Hsu’s theory [39], as follows:

reff ;minðDTw;DTsubÞ
reff ;maxðDTw;DTsubÞ

� �
¼ dtD2

2D1
� DTw

DTwþDTsub

� 1
�
þ

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�8D1cTsatðPlÞðDTwþDTsubÞ

qv ldtðDTwÞ2
s" #

;

ð2Þ

where DTw, DTsub, dt, Tsat, qv, and l are the wall superheat, degree of
subcooling, thermal boundary layer thickness, liquid saturation
temperature, density of fluid, and latent heat of fluid, respectively.
As shown in Fig. 4(c), from Hsu’s theory, the NW has a lower range
of effective nucleate site radii at the same wall superheat. The NW
surface has numerous cavities, of 1–2 mm, which are effective nucle-
ation sites at low superheat and can work in boiling heat transfer.
MC also has cavities for the concentration of heat flow and helps
bubble nucleation compared with a plain surface, but it is not suit-
able for activating effective nucleation sites in boiling heat transfer,



Fig. 3. Boiling curves on various surfaces; plain, micro-cavity, nanowire and MNHS.
Black arrows indicate CHF and yellow arrows indicate the onset of nucleate boiling
(ONB). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. Bubble nucleation characteristics on various surfaces; plain, micro-cavity, nanow
nucleation. (c) Effective cavity radius of bubble nucleation.
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according to Hsu’s theory. Thus, the reason why ONB occurs more
rapidly on the MNHS surface is a combination of the increase in
local temperature caused by MC and the numerous effective cavi-
ties for bubble ebullition, due to the NW surface.

Based on these results, we analyzed the CHF of the MNHS, based
on the results of the MC and NW surfaces. CHF is related to the sur-
face wettability, expressed by the CA, and bubble dynamics, con-
sisting of the bubble diameter and frequency. Fig. 5(a) shows
apparent contact angles on various surfaces; plain, MC, NW and
MNHS. Fig. 5(b) shows the CHF distribution with surface CA, based
on Kandlikar’s correlation [40]. As shown in Fig. 5(a), the CA
between plain (h = 46.5�) and MC (h = 47.2�) is similar, but the
CHF is 24% different between the surface. This suggests that the
bubble dynamics on the plain and MC surfaces would differ and
be important in explaining the CHF enhancement. In Fig. 5
(c) and (d), the graph shows that bubble characteristics at each sur-
face, represented by bubble departure diameter and frequency
with heat flux, increase for a single bubble. It also shows that bub-
ble departure diameter decreases, and bubble departure frequency
increases slightly, on the MC surface versus the plain surface,
ire and MNHS. (a) Schematics of bubble nucleation. (b) Photographs for the bubble



Fig. 5. (a) Apparent contact angles on various surfaces; plain, micro-cavity, nanowire and MNHS. (b) CHF for different contact angles comparison with theoretical correlation
[40]. (c) Averaged bubble departure diameters and (d) bubble departure frequencies.
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helping to increase the CHF (because bubble coalescence is delayed
due to the decrease in bubble diameter and the increase in bubble
departure frequency). From these results, MC has a role in reducing
the bubble departure diameter and increasing the bubble fre-
quency [41]. At the NW surface, CHF was enhanced by 121% com-
pared with the plain surface. The reason for this is that surface
wettability is increased due to the increase in surface roughness
according to the Wenzel equation, as follows [42]:

cos h ¼ r � cos h� ð3Þ

where h is the apparent CA measured on the surface, r is a rough-
ness factor and h⁄ is the equilibrium CA on an ideal plain surface.
From the equation, the apparent CA decreases as the roughness
increases. Additionally, the hemi-wicking phenomenon reported
in previous works helps the water supply reach hot spots and
enhances CHF compared with a plain surface [43]. Furthermore,
NW has a positive effect on single bubble characteristics versus a
plain surface and MC. NW has a 1/3 smaller diameter and a 3-fold
higher frequency compared with the plain surface because NW
has native cavities, of 1–2 mm, which confine and activate bubble
departure at small diameters. As mentioned above, bubble diameter
and frequency are related to delayed vapor film formation and the
supply of water to the hot surface. Thus, we conclude that the
enhanced CHF of the NW surface is due to positive effects of surface
wettability and single bubble characteristics. However, this is not
sufficient to explain the CHF enhancement of the MNHS, because
the surface wettability, wicking behavior, and single bubble
characteristics of the MNHS are almost the same as those of the
NW surface. Thus, for a complete understanding of the CHF
enhancement of MNHS, we should consider bubble merging to
cause film boiling on the surface.
3.2. Bubble merging/departure characteristics and CHF enhancement

CHF is defined by a phenomenon whereby a vapor film covers
the heating surface with violent bubble merging as heat flux
increases [44]. Thus, a quantitative evaluation of bubble merging
is important in demonstrating CHF. In the previous section, we
evaluated the bubble’s departure diameter, which indicates an
independent bubble’s equivalent diameter without any bubble
merging. However, to understand CHF on the MNHS, we define
the new concept of the merged bubble departure diameter instead.
Fig. 6 shows the bubble coalescence phenomenon on a plain sur-
face with time. When the bubbles nucleate on the surface, because
bubble coalescence occurs on the heated surface in the lateral
direction [45,46], small nucleated bubbles depart with a large
merged bubble. From these results, the bubble merging phe-
nomenon can be evaluated quantitatively by measuring the distri-
bution of merged bubble departure diameter. As shown in Fig. 6,
we evaluated how bubble coalescence occurred on the surface by
measuring the distribution of merged bubble sizes. As shown in
Fig. 7, merged bubble sizes were measured at three constant heat
fluxes (28, 42, 55 W/cm2), with 100 bubbles as the population.
All surfaces showed a Gaussian distribution and the red dotted line
in the graphs represents the averaged bubble departure diameter.
The Gaussian function is as follows:



Fig. 6. Photographs of bubble coalescence characteristics at a heat flux of 28.3 W/cm2 on the plain surface.
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y ¼ y0;cv þ
Acv

w
ffiffiffiffiffiffiffiffiffi
p=2

p e
�2

ðx�xc;cv Þ2
w2
cv ð4Þ

where y0,cv, xc,cv,wcv, and Acv indicate the off-set, center and width of
the curve, and the area beneath the curve, respectively. A sharp
shape of the Gaussian fit indicates that the variance is small, and
a wide shape of the Gaussian fit means that the variance is large.
By comparing the plain and MC surfaces in Fig. 7(a) and (b), the dis-
Fig. 7. Distributions of merged bubble sizes at heat flux q00 = 28 W/cm2, 42 W/cm2, 55 W/
averaged single bubble departure diameter (Db) on various surfaces; plain, micro-cavity
tances from the peak value of the merged diameter to the average
bubble departure diameter at the three heat fluxes were shorter
on the MC surface than on the plain surface. This means that bubble
merging phenomena on the MC surface occurred less often than on
the plain surface. Thus, we can predict that bubble merging is pre-
vented by ‘arranged’ bubble nucleation, via the artificial micro cav-
ities, on the MC surface. As shown in Fig. 7(c) and (d), the peak
values of the merged diameters on MNHS at the three heat fluxes
cm2 of (a) plain, (b) micro-cavity, (c) nanowire and (d) MNHS. Inset values represent
, nanowire and MNHS.
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were smaller than on the NW surface. This means that smaller,
well-arranged bubbles are generated on the MNHS by the combined
effect of bubble confinement from the natively formed micro cavi-
ties of the NW structure, and bubble arrangement as a result of
the MC structures. In short, this means that arranged small bubbles
are generated separately at nanowire-coated micro cavities of the
MNHS, and bubble merging is delayed by the arranged MC struc-
tures and confined NW structures. Fig. 8(a) and (b) shows averaged
values and standard deviations of merged bubble diameters on the
four surfaces as the heat flux increases. As shown in Fig. 8
(a) and (b), the MNHS’s average value and standard deviation of
merged bubble size at high heat flux (55 W/cm2) decreased to less
than 65% and 28%, respectively, compared to that of the plain sur-
face. This means that bubble merging phenomena are minimized
on MNHS, due to its arranged confined bubble generation by the
arrangement of MC structures and the confined NW structures.
Thus, the CHF of the MNHS can be maximized by delaying bubble
merging and retaining a liquid path to supply coolant to the surface
of the MNHS better than on the NW surface.

Fig. 9(a) shows CHF on plain, MC, and NW surfaces, and on
MNHS. As mentioned above, the MC surface showed slightly smal-
ler and faster bubble nucleation compared with the plain surface,
by confining the bubble growth size because of the arrangement
of micro cavities. Thus, CHF was enhanced by 24% on the MC sur-
face, by delaying bubble merging. The NW surface generates signif-
icantly numerous smaller and faster bubbles compared with the
plain surface, by means of numerous 1–2 mm natively formed
micro-cavities. Thus, by combining effect of the large bubble den-
Fig. 8. (a) Averaged merged bubble diameters and (b) Standard deviations of
merged bubble diameters for various surfaces; plain, micro-cavity, nanowire and
MNHS.
sity and superhydrophilic characteristics of the NW morphology,
CHF is enhanced by 121% compared with the plain surface. Because
MNHS combines the effects of NW and MC surfaces, it showed the
largest CHF (172% increase compared with a plain surface). This
effect also can be explained by the normalized pitch of the nucle-
ation sites (Savg/Davg), which indicates a relationship between the
averaged bubble departure size and the pitch of the nucleation
sites, as shown in Fig. 9(b). On the plain surface, when the pitch
of the nucleation sites is larger than the bubble departure diame-
ter, because it cannot retain enough bubble density compared to
other 3 surfaces, it records the smallest CHF by 94.8 W/cm2. When
the pitch of the nucleation sites is smaller than the bubble depar-
ture diameter on the MC surface, although it secured larger bubble
density compared to plain surface, because it is easy to merge the
nucleated bubbles, CHF increases by only 24% compared with the
plain surface. NW surface ensures much larger bubble density
compared to MC surface by means of numerous 1–2 mm natively
formed micro cavities, CHF is increased by 118% compared to plain
surface. However, because NW surface has smaller pitch of the
nucleation sites than the bubble departure diameter similar to
MC surface, it has limitation for enhancing CHF due to easiness
of bubble coalescence. When the pitch of the nucleation sites is
about the same as the bubble departure diameter on MNHS, CHF
is increased remarkably, by 172%, versus the plain surface. In other
words, when the normalized pitch of the nucleation sites was 1,
namely the pitch of the nucleation sites and the bubble nucleation
size had the same dimension, CHF can be maximized by delaying
bubble coalescence and maximizing bubble density. Thus, through
optimization of bubble nucleation sites for ‘arranged’ bubble
departure from the surface, CHF enhancement can be achieved
for boiling heat transfer.
3.3. Enhancement of spatial and temporal temperature uniformity

The thermal uniformity and stability of a boiling surface are the
most important factors in long-term boiling application, because
boiling surface failure with local hot spots can be avoided by keep-
ing the overall spatial/temporal surface temperature uniformity
[33,34,47–50]. Fig. 10(a) and (b) shows spatial temperature unifor-
mity at heat fluxes of 22 W/cm2 (low heat flux) and CHF on plain,
MC, and NW surfaces, and on MNHS. As shown in the inset of
Fig. 10(a), the temperatures at the five RTD sensors represent the
spatial surface temperature distribution with heat flux, and the
Fig. 9. CHF for variation of normalized pitch of nucleation sites (red dotted line of
Savg/Db,avg = 1 means that the pitch of the nucleation sites and the bubble departure
size have the same dimension). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)



Fig. 10. Spatial temperature distributions for different RTD sensor locations 1–5 at (a) 22 W/cm2 and (b) CHF on various surfaces; plain, micro-cavity, nanowire and MNHS.
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inset numbers are the standard deviations of the spatial tempera-
tures at the five RTD sensors. As shown in Fig. 10(a), at the low heat
flux (22 W/cm2), the standard deviations of spatial temperatures
were 2.0 K, 1.2 K, and 0.6 K on the plain, MC, and NW surfaces,
respectively. MNHS showed the smallest standard deviation, of
0.3 K. In Fig. 10(b), this outstanding spatial temperature uniformity
was also maintained on MNHS surface at CHF. As shown in Fig. 10
(b), at CHF, the standard deviations of spatial temperatures were
2.9 K, 1.7 K, and 1.4 K on the plain, MC, and NW surfaces, respec-
tively. In fact, the standard deviation of the temperatures was only
0.8 on the MNHS surface at CHF. The reason for this is that small,
fast, and well-arranged bubbles are generated not only by the
natively formed micro cavities of the NW structure for small nucle-
Fig. 11. Temporal temperature variation at RTD sensor location 3 for different heat fl
ation, but also the arranged micro cavities of MC structure for
arranged nucleation. Fig. 11(a), (b), (c) and (d) shows the temporal
temperature uniformity with time on the plain, MC, and NW sur-
faces and MNHS, respectively. As shown in the inset of Fig. 11(a),
temporal uniformity is indicated by temperature variation with
time on RTD sensor location 3, and the inset red number shows
the standard deviation of temperature variation with time. The
standard deviation of temperature variation with time decreased,
to 1.8 K and 1.0 K at CHF on the MC and NW surfaces, respectively.
Similarly, the MNHS surface showed the lowest standard deviation,
of 0.6 K at CHF.

In summary, the MNHS can generate small, fast, and dispersed
bubbles because of the confining effects of the NW structures
uxes on various surfaces; (a) plain, (b) micro-cavity, (c) nanowire and (d) MNHS.



720 D. Lee et al. / Applied Thermal Engineering 130 (2018) 710–721
and the arranged nucleation effect of the MC structures. Conse-
quently, because the bubble nucleation region and liquid supply
region are separated on the MNHS, bubble merging is delayed sig-
nificantly. Additionally, this allows a large spatial and temporal
vacant area between the bubbles to contact with the boiling sur-
face and working fluid directly. In conclusion, CHF is increased
markedly on the MNHS versus the NW surface. Moreover, the
small, fast, and arranged dispersed bubbles generated on the
MNHS enable long-term thermal uniformity and stability, as evi-
denced by the standard deviations of spatial/temporal temperature
variation at CHF, reduced to less than 1/3 and 1/4, respectively,
compared with the plain surface. In conclusion, we demonstrated
the possibility of using the MNHS for enhancing not only CHF,
but also thermal uniformity/stability in long-term boiling
applications.
4. Conclusion

In this study, the advantages of an MNHS are discussed for
enhancing thermal uniformity/stability and boiling heat transfer
performance. Spatial/temporal heat transfer characteristics were
evaluated on MNHS using a local temperature-measuring sensor
of resistance temperature detector (RTD). We demonstrated that
MNHS could enhance thermal uniformity/stability by the confining
effects of nucleated bubble on NW structures, and uniform bubble
nucleation on uniformly distributed MC structures. By these com-
bined effects of the NW and MC structures, which can delay the
bubble coalescence phenomenon, MNHS also enhanced CHF by
catalyzing bubble nucleation dispersedly and quickly at small
sizes. As a result, boiling heat transfer using MNHS shows a break-
through, reducing the spatial and temporal temperature variation
at high heat flux region or CHF to less than 1/3 and 1/4, respec-
tively, compared with a plain surface. When the normalized pitch
of nucleation sites is 1, that is, the pitch of the nucleation sites
equal to the bubble size, CHF is enhanced markedly (>170%) on
MNHS versus a plain surface, by delaying bubble coalescence and
maximizing the bubble density. Thus, the ratio of the average pitch
of nucleation sites to bubble departure size, which affects the prob-
ability of bubble coalescence, can be an important factor for CHF
improvement when designing an MNHS. Further study, the aligned
nanowires or micro-pillars which have outstanding wicking per-
formance can be applied on MNHS for further enhancement of
CHF [51,52]. These demonstrations and results will be applicable
to thermal and fluidic designs of micro-device cooling, as well as
macro-system cooling, in applications ranging from electrical
device cooling to power-plant system cooling under harsh thermal
conditions.
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