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PHYSICS

Synchrotron x-ray imaging visualization study of
capillary-induced flow and critical heat flux on surfaces
with engineered micropillars

Dong In Yu,'* Ho Jae Kwak,?* Hyunwoo Noh,? Hyun Sun Park,® Kamel Fezzaa,* Moo Hwan Kim?3*

Over the last several decades, phenomena related to critical heat flux (CHF) on structured surfaces have re-
ceived a large amount of attention from the research community. The purpose of such research has been to
enhance the safety and efficiency of a variety of thermal systems. A number of theories have been put forward
to explain the key CHF enhancement mechanisms on structured surfaces. However, these theories have not
been confirmed experimentally because of limitations in the available visualization techniques and the
complexity of the phenomena. To overcome these limitations and elucidate the CHF enhancement mechanism
on the structured surfaces, we introduce synchrotron x-ray imaging with high spatial (~2 pm) and temporal
(~20,000 Hz) resolutions. This technique has enabled us to confirm that capillary-induced flow is the key CHF
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enhancement mechanism on structured surfaces.

INTRODUCTION
Nucleate boiling is characterized by bubble growth and collapse on
heated surfaces. This boiling phenomenon is induced by differences be-
tween the temperatures of the heated surface and the liquid. Given the
latent heat of nucleate bubbles, the heat transfer mechanism associated
with pool boiling exhibits high-level thermal efficiency. This substan-
tially improves the heat transfer performance. Therefore, nucleate
boiling is used as the primary heat transfer mechanism in a range of
research and industrial applications, such as power generation, de-
salination, chemical processing, refrigeration, thermal management
of electronics, etc. However, when the heat flux on a heated surface
gradually increases and then reaches its critical value, the surface becomes
coated by a vapor film. This results in the liquid being replaced by the
vapor adjacent to the heated surface. Subsequently, the efficiency of the
heat transfer decreases suddenly and the heated surface burns out. This
phenomenon is an inherent limitation of the nucleate boiling heat trans-
fer mechanism. The critical heat flux (CHF) is one of the key design pa-
rameters to consider when designing safe nucleate boiling apparatuses.
For this reason, many researchers have investigated the CHF trigger-
ing mechanism. Kutateladze (1) and Zuber (2) analyzed CHF with hy-
drodynamic instability from a physical perspective. Haramura and
Katto (3) postulated that CHF is triggered when the liquid film within
the microlayer completely evaporates as a massive bubble hovers over it.
Theofanous et al. (4) and Unal et al. (5) focused on the behavior of the
liquid-vapor interface of the heated surface. According to their model,
because the CHF phenomena are controlled by the relationship between
the liquid and vapor phase, mediated via the interface, CHF is triggered
when a hot spot develops irreversibly on the heated surface. In each of
these studies, the CHF triggering mechanism has been found to signif-
icantly depend on the behavior and shape of the liquid-vapor interface
underneath the bubbles. Therefore, to obtain experimental insights and
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better understand the CHF phenomenon, we need to be able to visualize
the region underneath the bubbles.

In addition, many researchers have noted CHF enhancement mech-
anisms. In particular, surface conditions have been varied to enhance
CHEF. Surface wetting characteristics, such as chemical composition
and geometrical morphology, influence the behavior and shape of
the liquid-vapor interface. Kandlikar (6) has postulated that CHF de-
creases as the contact angle increases and proposed a model of CHF
based on the chemical composition of the surface. The addition of sur-
face structures has been shown to enhance CHF beyond that predicted
by classical CHF models (7-26). A number of papers have reported
that the CHF increases on micro (7-14), nano (15-26), and micro/
nano hierarchically structured surfaces (27-32). Many mechanisms
have been proposed to explain CHF enhancement on structured sur-
faces. These include the effects of vapor recoil and solid-liquid surface
adhesion force balancing (6, 8, 21, 27, 29, 31, 32), capillary-induced flow
(capillary wicking) (9-11, 15, 24, 25, 28, 30), Rayleigh-Taylor
wavelength variation (16, 18, 26), and the fragmentation of nonevapo-
rating thin films near the triple contact line (14). All the cited studies
found that the mechanism of CHF enhancement depended on the be-
havior and shape of the liquid-vapor interfaces at spaces between
structures that lay under the bubbles.

Therefore, to explain the mechanism of CHF enhancement in gen-
eral terms, it is necessary to define the behavior and shape of liquid-
vapor interfaces at spaces between structures under nucleate bubbles.
Because visualization techniques are limited in terms of resolution,
these features were previously indirectly explored by evaluating the
behavior and shape of spreading (or wicking) surface droplets. Thus,
the interfacial behavior at spaces between structures was inferred by
the indirect exploration. However, surface wetting characteristics are
very sensitive to the environment of the system. Also, the characteristics of a
droplet in air on a micro/nano-structured surface are very different from
those of a bubble on the same surface (33, 34). Recently, to overcome the
limitations of previous visualization techniques, two new techniques have
been developed. These are the total reflection technique (35, 36) and the
infrared thermometry technique (4, 9, 30, 37-42). However, despite these
new experimental endeavors, it remains difficult to visualize the behavior
and shape of the liquid-vapor interfaces underneath nucleate bubbles. The
reason for this is that the new visualization techniques still have a number
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of limitations, such as those imposed by the composition of the
structured surface, low spatial resolution (about hundreds of micro-
meter scales per pixel), etc. Thus, it remains difficult to visualize the be-
havior and shape of liquid-vapor interfaces at spaces between structures
under nucleate bubbles, and the mechanism of CHF enhancement on
structured surfaces thus remains unclear.

Here, we introduce synchrotron x-ray imaging with high spatial
(~2 um) and temporal (~20,000 Hz) resolutions as a method to visu-
alize the behavior and shape of liquid-vapor interfaces underneath nu-
cleate bubbles on surfaces with engineered micropillars. In particular,
we experimentally show here that wetting characteristics vary with the
environment (a nucleate bubble in a pool and a droplet in air on a
micropillar surface). On the basis of the visualization data obtained
by synchrotron x-ray imaging, we have identified the key CHF en-
hancement mechanism on the surfaces with micropillars.
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RESULTS

Pool boiling experiments on surfaces with

engineered micropillars

We fabricated micropillar surfaces (using microelectromechanical tech-
niques) on silicon wafers with oxide layers with a thickness of 5000 A.
The test section was composed as follows: one side contained micropil-
lars, which enabled us to quantitatively define the surface wetting char-
acteristics, and the other side contained a thin film heater, which was
used to generate the heat required for the nucleate boiling. To obtain the
required quantitative geometrical features of the test sections, circular
micropillar arrays were fabricated with specific roughness ratios f.
The roughness ratio is defined as the ratio of the wetted area to the
projected area. Figure 1A and Table 1 list the specific geometric features
of the micropillar arrays. A thin metal heater, which heated a 10-mm x
10-mm area (total area, 22 mm x 12 mm), was installed on the opposite
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Fig. 1. Pool boiling experiments. (A) Test sections [field emission scanning electron microscopy (SEM)/3D profiler images]. (B) Experimental apparatus.
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side of the microstructured surfaces. The specific methods used to prepare
the test sections are described in the Supplementary Materials. Figure 1B
shows a schematic diagram of the experimental apparatus used in the
pool boiling experiment. The test sections were heated electrically using
the thin metal heater attached to the other sides of the surfaces.

We used synchrotron x-ray imaging to explore the behavior and
shape of liquid-vapor interfaces at spaces between microstructures lying
under nucleated bubbles. The experimental platform was located in a
room shielded from radioactivity. It is difficult for an experimenter to
handle and control the x-ray equipment in the said room. Therefore, all
experiments were performed via remote control (from outside the
shielding room). We used alignment mounts to align microstructures
on the prepared surfaces and to focus the x-rays. The x, y, and z
positions, and the angles of test sections, were thus aligned precisely
(within ~1 pm and ~0.001°). Heating of test sections was also remotely
controlled. Using the joule heating method, heat flux and wall tempera-

Table 1. Specific geometric features of the micropillar arrays.

Cases d (pm) g (um) p (pm) h (pm) f
Flat — — — — 1
d40940 ................ 40 .................. 40 ................. 8020162
d4og120 .............. 40120 ................ 1 6020115
d80980 ................ 80 .................. 80 ................ 1 6020131
dg0g240 g0 240 30 20 108

Flat in boiling
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ture data were delivered remotely. The test zig was modified to ensure
good penetration by the x-ray beam. X-ray intensity is significantly at-
tenuated by metallic materials, but much less so by polymeric and car-
bon materials. Therefore, to balance x-ray intensity with the desired
insulation and dielectric characteristics, the test zigs were made of poly-
ether ether ketone. Synchrotron x-ray imaging was performed at the
Advanced Photon Source (APS) of the Argonne National Laboratory,
yielding images of high spatial (~2 um) and temporal (~20,000 Hz) res-
olution. Clear images were obtained using a camera with a high frame
rate. The x-ray source is described in the Supplementary Materials. In
the filtering images, a wet image (no bubble on the surface) is divided
with a dry image (a bubble on the surface) based on the Beer-Lambert
law. Using the filtering method, the interface is observed.

Wetting characteristics depending on the environment
Previously, because it was difficult to visualize the behavior and shape of
liquid-vapor interfaces under nucleate bubbles, the wetting characteris-
tics of structured surfaces were generally described by the static contact
angle or the wicking velocity of a liquid droplet on the surface in air.
However, as wetting phenomena are significantly influenced by
environmental conditions, it is better to check wetting characteristics
in the environment of interest.

The wetting characteristics of micropillar surfaces were measured
under ambient conditions (temperature, 23° + 2°C; relative humidity,
42 + 3%). A micropipette was used to place 3.0-pl droplets of deionized
water on the surfaces. The wetting characteristics of the surfaces, such as
the static contact angle and wicking velocity, were measured using an
automated goniometer. Each experiment was repeated three times. As
shown in Fig. 2 (A and B), no wicking was evident, and the static contact
angles on micropillar surfaces were larger than those on an ideal smooth
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Fig. 2. Wetting characteristics depending on the environment. (A) Static contact angle (SCA) on the test sections, (B) comparison between the measured and
estimated SCA on the test sections, and (C) wicking phenomena underneath the nucleate bubbles.
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surface. In Fig. 2B, measured static contact angles were compared with
the estimated angles using the Kang-Jacobi wetting model (43). We
found that the static contact angles on the test surfaces were well esti-
mated using the earlier wetting model. In addition, the wetting charac-
teristics of micropillar surfaces were measured under pool boiling
conditions (saturation) via synchrotron x-ray imaging. On each surface,
the wetting characteristics were visualized at the onset of nucleate
boiling and we experimentally confirmed that wicking phenomena were
generated, as shown in Fig. 2C.

This comparison of wetting characteristics between ambient and
pool boiling conditions showed that the wetting characteristics were sig-
nificantly influenced by the environment. To understand CHF phenomena,
the wetting characteristics of microstructured surfaces should be measured
under pool boiling conditions.

Behavior of the liquid-vapor interfaces underneath
nucleate bubbles

We visualized the liquid-vapor interfaces underneath nucleate bubbles
at the onset of nucleate boiling (¢” = 150 + 50 kW/m?, ATy, = 20° +
10°C). We investigated both flat and micropillar surfaces. When a
bubble nucleates on a surface, the dominant forces are the inertia forces
caused by the rapid change in density. The change in density occurs
during the liquid-to-vapor transition. After nucleation, the bubble
grows spherically. However, in the boundary layer near the surface,
the outward radial velocity of the fluid is reduced due to friction at
the wall. This causes the liquid-vapor interface to be stretched by local
differences in the velocity of the fluid. Hence, a liquid film forms under-
neath the growing bubble (44). As stated previously, the inclined liquid
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film underneath a bubble initially formed on flat surfaces, as shown in
Fig. 3. As the bubbles grew, the contact line at the end of the liquid film
propagated more slowly than the liquid-vapor interface. Previous
results suggest that nucleate bubbles induce liquid films with multiscale
thickness. In particular, they are thought to be composed of three sub-
regions of varying thickness: the absorbed liquid film, the microlayer,
and the macrolayer (45). According to the synchrotron x-ray images,
the liquid films underneath the nucleate bubbles included films of both
micrometer- and macrometer/millimeter-scale thicknesses. Because the
thickness of the absorbed liquid film (nanometer-scale thickness) was
smaller than the spatial resolution (2 um) of the synchrotron x-ray
beamline, the absorbed liquid film could not be visualized in this study.
If we assume that the transition between the micro- and macrolayers
occurs at the inflection point of the interface of the liquid film, then
the thickness of the microlayer (8 = 4 to 8 um) is close to that reported
in previous research (8 ~ 10 um) (40).

The behavior of liquid films on microstructured surfaces was differ-
ent from the behavior of liquid films on flat surfaces, as shown in Fig. 4.
As bubbles started to grow on microstructured surfaces, which had a
high roughness ratio (f= 1.31, 1.62), an inclined liquid film formed un-
derneath the bubble as shown in Fig. 4 (A and B). The contact lines and
interfaces of the liquid film then propagated into the micropillars. Next
(after 8 ms, 4.80 ms), the contact lines propagated between the micro-
pillars in the direction parallel to the micropillars. The spaces between
the micropillars were filled by the liquid. The thickness of the liquid film
was uniform. We compared the liquid-vapor interfaces between the mi-
cropillars to the center and side of a nucleate bubble, as shown in Fig.
4A. We found that the liquid-vapor interfaces between the micropillars
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Fig. 3. Visualization of the liquid film underneath a nucleate bubble on a flat surface.
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Fig. 4. Visualization of the liquid film underneath a nucleate bubble on microtextured surfaces. (A) X-ray images and (B) schematic diagram of the high roughness
ratio (f = 1.62) surface; (C) x-ray images and (D) schematic diagram of the low roughness ratio (f = 1.08) surface.

at the center of a nucleate bubble were more concave than those at the
side of a nucleate bubble. The capillary pressure was inversely propor-
tional to the radius of curvature of the liquid-vapor interface between
the micropillars. Hence, local differences in the capillary pressure between
the micropillars at the center and side of a nucleate bubble induced lig-
uid supply through the micropillars from the side to the center of the
nucleate bubbles. This liquid supply is known as a capillary-induced
flow. It is intensively influenced by the roughness ratio because the cap-
illary pressure between structures is related by the size of the space be-
tween structures.

Yu et al.,, Sci. Adv. 2018;4:e1701571 23 February 2018

During the propagation of the contact line and liquid-vapor
interface of the liquid film on the microstructured surfaces with low
roughness ratios (f =1.08, 1.15), parts of the liquid film became caught
between the micropillars and remained underneath the growing bubble,
as shown in Fig. 4 (C and D). Because the space between the micropil-
lars was larger on the surfaces with low roughness ratios, the capillary
force on these surfaces was relatively small. Therefore, to fill all the space
between the micropillars, the thickness of the liquid film could not be
uniform. The partial volumes of the liquid film did not change sig-
nificantly with bubble growth. As the bubbles grew, according to our
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visualization data, the fragmented liquid volumes were maintained
on the surface by very thin liquid layers. These layers linked the vo-
lumes and supplied a very small amount of liquid to them. The thick-
ness of the thin layer was expected to be on the order of the spatial
resolution of the synchrotron x-ray images (~2 um). To better un-
derstand the liquid flow between the volumes, the behaviors and
shapes of the liquid-vapor interfaces underneath the nucleate bub-
bles on both flat and microstructured surfaces were captured, as shown
in movies S1 to S3.

As the heat flux on the surface increased, the number of bubbles gen-
erated also increased. These bubbles rose rapidly. On the flat and micro-
structured surfaces, at the CHF, the dynamics of the contact lines and
the liquid-vapor interfaces were extremely vigorous. In one instance,
these disappeared from the field of view, as shown in movie S4. Various
CHEF triggering mechanisms have been proposed. These include block-
ing of the liquid supply by hydrodynamic instability, the microlayer
completely drying out underneath massive bubbles, irreversible devel-
opment of dry spots, etc. The behavior of the contact lines and liquid-
vapor interfaces was visualized in local views (2 mm x 2 mm) of the
synchrotron x-ray images. Because we did not fully visualize the
motions of the interfaces on the heated surfaces, or observe mushroom
bubbles, we could not comprehensively investigate the CHF triggering
mechanism in this study. However, the spatial resolution of this visual-
ization technique was sufficiently high to experimentally determine the
CHF enhancement mechanism.

On the microstructured surfaces with a high roughness ratio (f=1.31,
1.62), at heat fluxes below the CHF (f=1.62, ¢" = 1554.9 + 2.2 kW/m?,
ATy = 47.4° +0.82°C and f= 131, ¢" = 1103.2 + 1.3 kW/m?, AT, =
41.5° + 0.65°C), liquid was supplied through the micropillars.
Uniformly thick liquid films formed underneath massive bubbles and
remained there. The presence of this phenomenon was confirmed by
the oscillating liquid-vapor interfaces between the micropillars, as
shown in Fig. 5 and movie S5. As the heat flux on the surfaces
increased, the robust, uniformly thick, liquid films underneath the
massive bubbles gradually collapsed, and there were frequent contacts
between the heated surface and the vapor as the CHF was approached
(f=162,q = 18560+50kW/m , ATy =525°+37°Cand f=131,¢" =
1443.8 + 10 kW/m> , ATgp = 50.3° + 4.4°C). Eventually, at the CHF, the
contact lines and liquid-vapor interfaces underneath the massive
bubbles will disappear. The frequency of the contact between the heated
surfaces and the vapor increased, and the liquid film underneath the
massive bubbles collapsed faster on the microstructured surfaces with
low roughness ratios (f— 1.15,9" =1019.4 + 24 kW/m? ATy, =43.5° +
1.1°Cand f=1.08,9" =1005.7 £ 6 kW/m? s AT =456+ 3°C) than on
the surfaces with high roughness ratios, as shown in Fig. 5. This was due
to differences in the volumes of liquid transported by the capillary-
induced flow on the surfaces with different roughness ratios in equivalent
heat flux conditions.

Relationship between CHF enhancement and the
capillary-induced flow

Quantitative analysis of the relationship between CHF enhancement
and the capillary-induced flow was carried out by comparing the aver-
age liquid supply underneath a growing bubble to CHF enhancement
on the test sections. First, we calculated the average liquid supply under-
neath a growing bubble, V. Here, the behavior and shape of liquid-vapor
interfaces under nucleate bubbles were visualized from the side via syn-
chrotron x-ray imaging. This view yields two-dimensional (2D) images
reflecting the behavior and shape of liquid-vapor interfaces under the

Yu et al.,, Sci. Adv. 2018;4:e1701571 23 February 2018

bubbles. When calculating the volume of capillary-driven flow near
surface microstructures, we assumed that the liquid-vapor interfaces
under nucleate bubbles were equivalent in the circumferential direc-
tion. The liquid supply volume of the capillary-induced flow, AV, is
based on the field of view (2 mm x 2 mm) and the liquid supply time,
At. The liquid supply time is the duration of the steady formation of
the liquid-vapor interfaces (which we call the filling time). Thus, V is
calculated by

- AV eid of vi
V — 1€} ol view 1
— A (1)

Initially, on the microstructured surfaces with high roughness ratios
(f=1.31, 1.61), an inclined liquid film formed. Subsequently, the spaces
between the micropillars were filled by the capillary-induced flow. The
thickness of the liquid film was uniform, as shown in Fig. 6A. Therefore,
the liquid supply volume caused by the capillary-induced flow is the
difference between the volumes of the initially inclined liquid film
and the subsequently uniform liquid film

RDZ nd?] 2 =D}
AV|ﬁeld of view ™ Vo — Vi = h - h 1

T 34
_nd’
4p?

where Dy, is the bubble contact diameter, 4 is the height of the micro-
pillar, d is the diameter of the micropillar, and p is the pitch between the
micropillars.

On the microstructured surfaces with low roughness ratios (f= 1.08,
1.15), the partial volume of the liquid film remained almost constant as
the bubbles grew, as shown in Fig. 6B. Therefore, the liquid volume re-
sulting from the capillary-induced flow can be calculated by summing
each partial volume between the micropillars

_nd
4p?

2

D (2)

AV|ﬁeld of view ™ #unit " AV‘unit ~ #unit” (VO -Vi— VZ)‘unit

e ORI OY RO
-2 e lp = o+ 2) ()

where #,,;; is the unit cell number and AV, is the liquid supply vol-
ume resulting from the capillary-induced flow on the unit cell bubble,
which has contact diameter D, The height of the micropillar is A, d is
the diameter of the micropillar, the pitch between the micropillars is p,
and g is the gap between the micropillars.

The specific liquid supply flow rates, liquid supply volumes, and
filling times of each experimental case are described in table S2. The
experimental value of the CHF in Fig. 6B was determined by the rapid
increase in wall temperature during steady heat flux. When pool boiling
experiments are performed using small heated surfaces, the CHF may be
influenced by induced liquid flow at the lateral edges. However, in this
study, we focused on the CHF enhancement mechanism in play on micro-
pillar surfaces. All test sections, including the flat surface, had equivalent
heated areas. CHF enhancement was analyzed in terms of the ratio of
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Fig. 5. Visualization of the liquid film underneath massive bubbles on flat and microtextured surfaces. (A) Flat surface, (B) d40-g40 case (f = 1.62), (C) d80-g80

case (f = 1.31), (D) d40-g120 case (f = 1.15), and (E) d80-g240 case (f = 1.08).

the CHFs of test sections to those of a flat surface, as shown in Fig. 6C. Thus,
the induced flow of liquid at lateral edges is not the main topic of this study.

We compared the average liquid flow rate underneath a nucleate
bubble and the CHF enhancement ratio in the test sections to the
roughness ratio. In each case, the trends were similar, monotonically
increasing as the roughness ratio increased, as shown in Fig. 6C. On
the basis of comparison between the average liquid flow rate underneath
a nucleate bubble and CHF enhancement in the test sections, we have
experimentally confirmed that capillary-induced flow is the dominant
CHF enhancement mechanism on microstructured surfaces. The prop-
erties of capillary-induced flow depend on the morphology of the sur-
face on which it takes place.

In recently reported research (9, 10, 30) on silicon oxide surfaces,
CHF enhancement was maximized when the spacing between the mi-
cropillars was less than 10 um. These reports found that as the rough-
ness ratios of test sections increased, the capillary forces required to
generate the wicking phenomenon also increased, and the viscous forces
inhibiting the phenomenon additionally increased. The balance be-
tween these forces caused CHF enhancement to be maximized at a spe-
cific roughness ratio. Unfortunately, in this study, the average liquid
flow rate underneath a nucleate bubble was only measured with rela-
tively large spaces between the micropillars (>40 pm) because of the
limited spatial resolution of synchrotron x-ray imaging (2 pm per pixel).
When the experimental range of this study is taken into account, our
experimental results are similar to previous results. Rather, in the
present study, we compared the propagation speeds of the front con-
tact line underneath a growing bubble on microstructured surfaces
with micropillar spacings of 40 um (d40g40, f = 1.62) and 4 um
(d4g4, f=7.17) to briefly evaluate the specific roughness at the peak
of CHF enhancement. In this test, the propagation speed on the sur-
face with the 4-um (2.96 m/s) micropillar spacing was slower than
that of the surface with the 40-pum (4.42 m/s) micropillar spacing. CHF

Yu et al,, Sci. Adv. 2018;4:e1701571 23 February 2018

enhancement (2.23) on the surfaces with large gaps between structures
(40 um) is larger than that (1.60) on the surfaces with small gaps be-
tween structures (4 um). Thus, we experimentally confirmed that the
roughness ratios of our test sections were less than the roughness ratio
maximizing CHF enhancement.

DISCUSSION

Insights into pool boiling CHF enhancement afforded by
this study

We obtained the following insights into pool boiling CHF enhancement
on micropillar surfaces:

(1) Synchrotron x-ray imaging experimentally confirmed that CHF
enhancement on surfaces with engineered micropillars is caused by
capillary-induced flow, confirming previous findings.

(2) The wetting characteristics of a droplet in air on the surface dif-
fered markedly from those of a bubble in a pool on the same surface.
Wetting characteristics were greatly affected by the environment.

(3) Therefore, estimation of CHF enhancement on microstructured
surfaces requires capillary-induced flow to be estimated under pool boil-
ing conditions.

(4) In addition, as capillary-induced flow is governed by surface
wetting conditions, such as the intrinsic contact angle and roughness ratio,
it is necessary to further explore the relationship between capillary-
induced flow and surface wetting conditions in a pool boiling system via
synchrotron x-ray imaging.

Possible research by synchrotron x-ray imaging

Synchrotron x-ray imaging allows visualization of the behavior and
shape of liquid-vapor interfaces in microspaces, affording high-level
resolution in both space and time, no obvious distortion at the liquid-
vapor interface, and high transmittance through various materials
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Fig. 6. Comparison of the average liquid supply underneath a nucleate bubble and CHF enhancement on the test sections. (A) Specific process for calculating the av-
erage liquid flow rate underneath a nucleate bubble, (B) pool boiling curve, and (C) comparison between the CHF enhancement ratio and average liquid flow rate.

MATERIALS AND METHODS

Pool boiling experimental procedure

Before the main experiments, we boiled and degassed the pool of de-
ionized water using a preheater for 2 hours, as shown in Fig. 1B. The
pool boiling experiments were conducted at the saturation temperature
under atmospheric pressure conditions. The water level and saturation

(nonmetallic polymers and carbon). Therefore, in pool boiling research,
this technique is useful to study the microlayers and wavelengths (mea-
sures of instability) under nucleate bubbles. Furthermore, the approach
may have applications in various research fields featuring interfacial
phenomena, such as boiling, evaporation, condensation, two-phase
flow, and surface wettability.
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were maintained using a reflux condenser and a preheater. The test
sections were fixed to the test zigs. The test zig was composed of poly-
etheretherketone, because this material has the required thermal
resistance and x-ray penetration ratio. The test sections were heated
electrically by thin metal heaters attached to the opposite sides of the
surfaces. The electrical power was supplied by a power supply. An elec-
trical joule heating method was used to measure the heat flux and wall
temperature. A data acquisition system was used to measure the voltage
and resistance of the test section and the voltage over the reference
resistance. We then calculated the heat flux based on the electrical prop-
erties and heated area of the test sections. The wall temperature was
obtained from the calibration data. The wall temperature depends on
the relationship between the temperature and the resistance of the thin
metal heater located at the back of the test sections.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/e1701571/DC1

section S1. Specific processes for the preparation of the test sections

section S2. Synchrotron x-ray images

section S3. Movies with x-ray images

movie S1. Single bubble growing on flat surfaces.

movie S2. Single bubble growing on a high roughness ratio surface.

movie S3. Single bubble growing on a low roughness ratio surface.

movie S4. Behavior of liquid-vapor interfaces on a flat surface (near CHF).

movie S5. Behavior of liquid-vapor interfaces on a high roughness ratio surface (near CHF).
fig. S1. The method used to fabricate the test sections.

table. S1. Detailed information on the x-ray source.

table. S2. Calculated average liquid flow rate underneath a nucleate bubble.
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