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ARTICLE INFO ABSTRACT

Keywords: This study advances thermal management in flow boiling by investigating the synergy between nanoscale surface
Flow boiling heat transfer structures, hemi-wicking, and bubble dynamics during phase changes, with a particular focus on innovative
Nanowires

surface morphology. Nanowires, known for enhancing heat transfer through surface roughening and interfacial
wicking, play a crucial role. We highlight the importance of morphological roughening and its synergy with
hemi-wicking in enhancing critical heat flux (CHF) in flow boiling. We demonstrate that surfaces functionalized
with vertical silicon nanowires show a significant increase in CHF compared to smooth surfaces. This
enhancement is attributed to improved liquid supply and prevention of bubble pinning, thus maximizing heat
dissipation. However, the absence of hemi-wicking on nano-inspired surfaces unexpectedly leads to a substantial
CHF reduction compared to smooth counterparts. By visualizing bubble dynamics under forced convection, we
reveal the critical role of hemi-wicking in sustaining continuous liquid supply and postponing the onset of film
boiling by ensuring an anti-pinning effect of bubbles. These findings offer valuable insights into interface
functionalization and surface morphology design for efficient heat dissipation, emphasizing the often-overlooked
role of hemi-wicking in preventing bubble pinning. This knowledge is pivotal for developing compact and high-
efficiency cooling technologies.

Hemi-wicking
Surface roughening
Critical heat flux
Bubble pinning

1. Introduction

Boiling is a pivotal heat transfer mode extensively utilized in diverse
engineering systems, including electronic devices, power plants, pho-
tovoltaics, and aerospace technology, due to its significant energy
transfer capability. This capability is attributed to the high convective
heat transfer coefficient during two-phase convection [1-8]. Despite its
advantages, the application of boiling is constrained by the critical heat
flux (CHF), a parameter limiting the maximum allowable heat dissipa-
tion capacity [8-11]. The CHF mechanism is influenced by surface
characteristics, such as surface roughening and liquid accessibility
(Fig. 1). Previous studies have demonstrated that these factors can delay
film boiling, providing hydraulic and thermal stability between vapor-
ization through nucleation and the counteracting liquid supply [12-15].

Recent advances in functionalized interfacial structures, including
micropatterns, nanostructures, hierarchical structures, and graphene-
coated structures, have significantly enhanced boiling heat transfer
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performances [13,16-25] with some efforts increasing CHF by over
100% [26-29]. However, these advancements have yet to fully address
the complex interplay between surface characteristics and boiling heat
transfer, leaving a significant gap in understanding, particularly in the
context of nanostructured surfaces. The ‘classical’ approaches, focusing
on primary variables such as roughness and wettability [15,30-33], are
limited in their capacity to fully elucidate the contribution of innovative
functional structures to CHF improvement [10,13,34]. Consequently, a
comprehensive exploration of the synergistic effects between surface
roughness and wettability is essential to offer novel insights into CHF
improvement.

The contact angle (CA) of a working fluid determines the liquid
accessibility, and thus the hydraulic continuity of a boiling interface [14,
34-36]. The CA is sensitive to surface roughness where the apparent CA 6
is characterized by the roughness factor r (the ratio of the actual surface
area to the projected one) in the form of cos 6 = r-cos 0* where 0* is the
CA on an ideal smooth surface [37-40]. Wenzel’s model elucidates that
an increase in surface roughness enhances hydrophilicity [41].
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Nomenclature

Symbols

Apearer ~ heating area (m?)

H height of the interfacial structure (m)

h latent heat of liquid-vapor phase (J/g)

I current (A)

ksi thermal conductivity of the Si substrate (W/m-K)
L total channel length

Lq fully developed length along the channel
Q applied power (W)

Qioss loss of the applied power (W)

q heat flux, CHF (W/cm?)

denr critical heat flux, CHF (W/cm?)

denro critical heat flux on a planar surface predicted by
Kandlikar’s model (W/cm?)

R, arithmetic average roughness (nm)

Ry root mean square roughness (nm)

r surface roughness factor

Tr1D temperature measure from the RTD (K)

Twan wall temperature on the boiling surface (K)

tsi thickness of the Si substrate

14 voltage drop (V)

w wicking rate (mm/s%>)

Greek symbols

p shape factor

0 apparent contact angle (°)

0* contact angle on an ideal smooth surface (°)
[Z critical contact angle (°)

ART Rayleigh-Taylor wavelength (mm)
u dynamic viscosity (mPa-s)

17 solid fraction

L liquid density (g/mm?)

o liquid-gas surface tension (mN/m)
osG solid-gas surface tension (mN/m)
OsL, solid-liquid surface tension (mN/m)
Abbreviations

CA contact angle (°)

CFD computational fluid dynamics
CHF critical heat flux (W/m?)

CMC critical micelle concentration

DC direct current

DI deionized

ITO indium-tin-oxide

MEMS  microelectromechanical system
PEEK polyether ether ketone

RTDs resistive temperature detectors

Si silicon

SiNWs  silicon nanowires

Re Reynolds number

Importantly, the interplay between surface roughness and CA is crucial
in improving CHF. Furthermore, recent studies have stressed the
importance of “hemi-wicking” for liquid accessibility [4,38,42-46].
Hemi-wicking is the morphologically induced dynamic spreading of a
liquid through a roughened interface on a surface by capillary pressure
[43,44,47,48]. Stronger interaction between a solid and liquid (low
surface energy) than between a solid and vapor (high surface energy)
causes the liquid to move forward along the solid-vapor interface. As
illustrated in Fig. 1c, hemi-wicking stabilizes the fluid around a bubble
during a phase change by supplementing the liquid supply.
Hemi-wicking may be a key factor in extending the CHF, which occurs
when the mass balance between the vaporized bubbles and the coun-
teracting liquid supply is disrupted [9,10,49]. A recent CHF model
suggested incorporating the hemi-wicking effect into the existing hy-
draulic CHF model:

q"CHF = q”CHF,o + php, (1 - (/’)Wz/llzerv @

where g, h, pr, ¢, W, Agr, and q'cur,o are the shape factor, latent heat,
liquid density, solid fraction, wicking rate, Rayleigh-Taylor wavelength,
and CHF on a planar surface predicted by Kandlikar’s model [10,14],
respectively. However, hemi-wicking is not an independent factor;
instead, it depends on the morphology and hydrodynamic properties
[42,43].

This research introduces a novel approach by deeply exploring the
interaction between surface roughness and hemi-wicking using silicon
nanowires (SiNWs), presenting an innovative methodology for
enhancing CHF. In this study, our primary aim is to dissect the syner-
gistic effects of surface roughness and hemi-wicking in flow boiling.
Through the utilization of nanostructured surfaces like SiNWs, we seek
to uncover the nuanced roles these factors play in CHF enhancement.
This focus on the intricate relationship between surface morphology and
liquid dynamics represents a significant advancement in the field,
potentially leading to more effective strategies for thermal management
in high heat flux applications. Vertically aligned silicon nanowires

(SiNWSs) were utilized to maximize surface roughness. By reducing the
liquid surface tension, we controlled the hemi-wicking to elucidate the
distinct role of roughness, effectively decoupling it from hemi-wicking.
Our findings highlight the importance of bolstering the liquid supply,
especially via hemi-wicking, to prevent bubble pinning. This prevention
is crucial as bubble pinning subsequently leads to bubble coalescence
and growth, ultimately diminishing the CHF for boiling heat transfer.

2. Materials and methods

This section outlines the methodologies and materials used in our
study. It details the fabrication of the sensor with a thin-film heater for
local temperature measurement, preparation of SiNWs for the boiling
surfaces, and the setup of the flow boiling experiment. Additionally, we
describe the procedures for liquid accessibility characterization and data
reduction methods employed to evaluate local heat transfer. This
comprehensive approach enables a thorough understanding of the
experimental setup, ensuring the reliability and validity of our findings.

2.1. Local characterizing sensor with a thin-film heater

To supply heat to and measure the wall temperature on a boiling
surface, a thin-film heater and resistive temperature detectors (RTDs)
were fabricated on a Si substrate by using a microelectromechanical
system (MEMS) process [5,50-52]. The fabricated sensor chip and
detailed image for the arrayed five RTDs are presented in Fig. 2a. The
heater and RTD sensors were fabricated on a p-type Si substrate (bor-
on-doped; (100) orientation; resistivity: 1-10 Q-cm; thickness: 500 pm).
In addition to the fabrication details, it is important to note that the plain
surface of the Si substrate used in our experiments was characterized for
its surface roughness. We utilized double-side polished silicon wafers to
ensure a smooth surface. Atomic Force Microscopy (AFM) measure-
ments at five random locations on the sample surface revealed an
average roughness R, and Ry of approximately 0.1108 nm and 0.1392
nm, respectively. These results confirm the uniform and minimal surface
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roughness of the plain silicon wafers, essential for accurate boiling heat
transfer studies.

For the fabrication, first, the Si substrate was cleaned with a piranha
solution (3:1 mixture of HySO4 and HyO2 by volume) for more than 40
min. It was then cleaned with acetone and methanol for 5 min each in
sequence using a sonicator. On the cleaned Si substrate surface, four-
wire RTD sensors were patterned by a Pt layer using a lift-off process.
The resistance of platinum (Pt) showed a linear response to an increase
in temperature. The sensors were calibrated to determine the resis-
tance-temperature relationship. On the RTD layer, an oxide-nitride—
oxide multi-layer was deposited to insulate the RTD sensors from the
heater. The heater consists of a 5 x 10 mm? indium-tin-oxide (ITO)
layer (thickness: 800 nm). Beneath this heater, a series of five RTD
sensors are positioned, aligned in a row with a spacing of 1.5 mm apart.
Heater electrodes were located at both ends of the heater. The current
was supplied to the heater through copper bus bars by a direct current
(DC) power supply (200 V-10 A, KSC Korea Switching).

2.2. Preparation of SINW

Fig. 2b displays vertically aligned SiNWs prepared for boiling sur-
faces. The SiNWs were synthesized using a metal-assisted chemical wet
etching method [49,53-56]. The SiNWs were prepared on the rear sur-
face of a silicon chip, equipped with a thin-film heater and
resistance-temperature-detector (RTD) sensors for local and transient
wall temperature measurement. The silicon substrate underwent a
cleaning process to remove organic residues and the native oxide layer.
The backside of the sensor was selectively coated with Ag" using a
mixture of 5 mM AgNOs and 4.8 M HF solution. This process facilitated
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the formation of SINWs on the surface, with their height controlled by
the etching time. For this study, SINWs with an average height of 6.8 pm
were obtained after a 30-minute etching process. Details on the fabri-
cation of the RTD sensors with in situ SINWs presented in Fig. 2b are
provided our previous report [24,56].

2.3. Flow boiling experiments

Fig. 2c¢ illustrates the closed-loop flow boiling facility, including a
test section. The flow boiling test section was made of polyether ether
ketone (PEEK) and consisted of inlet and outlet settling chambers and a
main channel comprising upper and bottom parts. In each of the inlet
and outlet settling chambers, K-type thermocouples (Omega Co.) were
installed to measure the temperature of the working fluid. The flow
channel had a cross-sectional area of 5 x 5 mm?, with a total channel
length (L) of 375 mm. The fully developed region (Lg) had a length of
200 mm, which was sufficient under turbulent flow conditions [5,52,
57]. The fully developed fluid passes over a heating surface with an area
of 5 x 10 mm? (i.e., the area of the ITO thin film heater on the sensor) to
reach a boil. Two types of heating surfaces were used in this study: a
smooth (plain) silicon surface and a surface roughened by the in-situ
formation of vertically aligned monolithic silicon nanowires (SiNWs).
Experiments were conducted on both smooth and SiNW-forested sur-
faces using deionized (DI) water, with a controlled flow condition at Re
= 12,000, at saturated conditions (100 °C) and ambient pressure (1
atm). In this study, we selected a Reynolds number of 12,000 to establish
a stable turbulent flow, essential for accurately observing nanoscale
surface effects such as hemi-wicking. This decision was informed by the
need for uniform flow characteristics and minimizing external variables
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Fig. 1. Illustration of the impact of interfacial characteristics on the critical heat flux (CHF). (a) Bubble behavior on a roughened surface in convective boiling, with
insets showing the role of nanowire surfaces and highlighting the interface’s role in enhancing CHF, as presented by the boiling curves. (b) Dipiction of liquid
accessibility in terms of static contact angle (CA) 6, where r and 0~ are the roughness factor and CA on an ideal smooth surface, respectively. (c) Illustration of
enhanced liquid accessibility facilitated by hemi-wicking. The extent of hemi-wicking is quantified by the wicking coefficient W, where H, f, o, u and 6, are height of
the interfacial structures, shape factor, surface tension of the fluid, dynamic viscosity of the fluid, and critical CA, respectively.
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Fig. 2. Materials and experimental apparatus utilized in this study. (a) The sensor chip, equipped with local temperature measuring resistive temperature detectors
(RTDs) with in-situ SiNWs, designed for characterizing flow boiling performance. (b) Vertically aligned monolithic SINWs with an average height of 6.8 pm. (c) The
experimental apparatus, including a test section where the sensor is installed, designed for the evaluation of flow boiling performance.

that could influence the heat transfer results. Our choice reflects com-
mon conditions in industrial applications, thus ensuring the relevance of
our findings.

The flow boiling system operated as a closed loop, where the working
fluid in the main reservoir was continuously stirred. The working fluid
was stored in the main reservoir and mixed continuously by a stirrer.
Dissolved gases in the working fluid were removed by a preceding
degassing process for 2 h. The degassed convective flow was circulated
by a magnetic pump (TXS5.3, Tuthill Co.) and an electric motor (LG-
OTIS) to attain the controlled Reynolds number. The mass flow rate was
monitored by a flowmeter (Ultramass MK II, Oval Co.). Data signals
including local temperatures on a boiling surface, measured from the
RTDs, were recorded using data acquisition systems (SCXI-1503, Na-
tional Instruments and 34970A, Agilent Technologies) and a desktop
computer. A high-speed camera (Speedsense M110, Dantec) was posi-
tioned horizontally at the height of the boiling surface to observe bubble
behavior. Single bubble behavior was observed and recorded at a frame
rate of 2000 Hz near the onset of nucleate boiling.

2.4. Liquid accessibility characterization

The surface tension of the liquid was manipulated by varying con-
centrations of a nonionic fluorosurfactant (FS-3100, DuPont). This sur-
factant, stable under acidic conditions and non-flammable, was used at
concentrations ranging from 0 to 1000 ppm, reducing the liquid surface
tension from 72 to 16 mN/m. The surfactant’s critical micelle concen-
tration (CMC) was identified as 100 ppm. A slight increase in dynamic
viscosity by 5% was also noted. Contact angles (CAs) were measured
using a contact angle measuring system (KSV CAM-200, KSV Ins.), with
droplet images captured at a 2 ms frame interval. Measurements were
conducted using 2.5 pL droplets of DI water and the surfactant solutions,
with the process repeated five times to obtain the average CAs for each
case. For hemi-wicking rate evaluation, SINW-coated substrates were
immersed in DI water and surfactant solutions of various concentrations.
Hemi-wicking behavior was recorded using a high-speed camera
(Speedsense M110, Dantec) with a pixel resolution of 25 pixels/mm and
a time interval of 2000 fps. The wicking distance was determined
through post-imaging processing and averaged from at least three
samples with SINW-forested surfaces.
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2.5. Data reduction for local heat transfer evaluation
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the sensor chip had a high thermal conductivity of 140 W/m-K and a
thickness of only 500 pm. However, we evaluated the heat loss to

The applied heat flux was estimated by measuring the current and improve the reliability of our experimental results. The loss of the
voltage drop through the ITO thin-film heater: applied power was evaluated by considering heat spreading through the

q” =0 /Aheater = (VI - Qloxs) /Aheater

where q", Q, Aneaters V, I, and Qo5 are the heat flux, applied power,
heating area, voltage drop, current, and loss of the applied power,
respectively. The heat loss was small because the Si substrate used for
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silicon substrate. The conductive heat loss through a silicon substrate,
which has relatively high thermal conductivity, is analyzed by three-
dimensional numerical analyses under a steady state condition using a
commercial CFD code (ANSYS Fluent 2020R2) to determine the uncer-
tainty estimation of the applied heat flux [52,57]. The heat flux
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Fig. 3. Flow boiling curves for various surfactant concentrations c. (a) Boiling curves on a smooth surface and (b) on a roughened surface featuring 6.8 pm tall
SiNWs. Arrows mark the corresponding CHF values, with inset graphs quantifying the CHF for each concentration.
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deviation due to spreading is considered conductive heat loss, and the
evaluated heat loss uncertainty is 3.43%.

The resistance of the RTDs fabricated on the thin-film heater changed
according to the temperature. Thus, a resistance-temperature correla-
tion was determined before the experiments for each RTD. According to

(a)

Dlwater | 10 ppm

50 ppm
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the correlation function, the temperature from each RTD was evaluated,
and the wall temperature at the boiling surface was evaluated by Fourier
1-D conduction across the substrate thickness:

T, = Trrp — (1si [ ksi)-q, 3
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Fig. 4. (a) Apparent CAs on smooth and nanowire surfaces at various surfactant concentrations. (b) The distribution of CHF changes as surfactant concentration
increases, weakening the wicking phenomenon. Solid and open symbols denote results from smooth and nanowire surfaces, respectively. (c) Wicking rate W plotted
with surfactant concentration. The inset graph illustrates the surface tension alteration due to surfactant addition.
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where, T,, Trrp, ts;, and kg; are the wall temperature on the boiling
surface, the temperature from the RTD, the thickness of the Si substrate,
and the thermal conductivity of the substrate, respectively [52]. In order
to ensure comprehensive understanding and transparency, we have
elaborated on the uncertainties encountered during the sensor fabrica-
tion process and data reduction in the Supporting Information (SI). This
includes a detailed analysis of uncertainties associated with the di-
mensions handled during sensor processing, and the uncertainties of key
heat transfer indices derived from data reduction.

3. Results and discussion

In this section, we discuss the results obtained from our experiments
and their implications on the understanding of flow boiling heat trans-
fer. We delve into the effects of surface roughening and hemi-wicking on
CHF and bubble dynamics, highlighting their interplay and individual
contributions. This section also explores the functionalized interface, the
phenomenon of hemi-wicking caused by surface roughening, and its
impact on anti-pinning of bubbles. These discussions provide insights
into the mechanisms governing flow boiling on nanostructured surfaces,
contributing to the advancement of thermal management technologies.

3.1. Classical viewpoint on roughening, static wetting, and surface tension
upon boiling

Fig. 3 depicts characteristic boiling curves obtained during flow
boiling from plain (smooth) and nano-inspired surfaces. The observed
boiling characteristics are predominantly influenced by two factors:
surface roughness and liquid accessibility [58]. Notably, compared to the
boiling curves for smooth surfaces (Fig. 3a), the curves for the
nano-inspired surfaces (Fig. 3b) are shifted to the left. This underscores
the significant impact of nanoscale surface roughening on boiling [26,
28]. Monolithic SiNWs, characterized by high aspect ratios, create a
distinctively rough morphology with secondary microscale cavities. This
unique structure effectively catalyzes ebullition within nucleate boiling
regimes while concurrently reducing wall superheat [23,24,26,49].
Furthermore, we also manipulated the liquid accessibility by adding
surfactants (FS-3100, DuPont). As the surfactant concentration
increased, the boiling curves for both surfaces shifted leftward, indi-
cating reduced wall superheats. This shift suggests that decreasing the
liquid’s surface tension, thereby replenishing the liquid, contributes to
the reduction of superheat [59,60].

Enhanced liquid accessibility increases the CHF by facilitating the
penetration of liquid into spaces between vapor bubbles, which prevents
bubble coalescence and delays the onset of film boiling [61,62]. A
reduction in surface tension imparts hydrophilic characteristics at in-
terfaces, resulting in a decrease in apparent CA as described by Young’s
equation cos 6=(osg—os1)/0, where osg, osy, and o represent the
solid-gas, solid-liquid, and liquid-gas surface tension, respectively [38,
63]. Fig. 4a illustrates that lowering surface tension enhances liquid
accessibility with reduced static CA on both smooth and nano-inspired
surfaces. At a surfactant concentration of 100 ppm on the smooth sur-
face, the CA drops to 34° and further approaches 30° at 1000 ppm.
Nano-inspired surfaces, inherently superhydrophilic, exhibit less sensi-
tivity to changes in surfactant concentration, with CA altering from 13°
without surfactants to 4.6° at 1000 ppm. This relative insensitivity to
surfactant concentration is attributed to the lower CA induced by surface
morphology, consistent with Wenzel’s model [40,64].

The traditional perspective on boiling heat transfer posits that
enhanced hydrophilic wetting leads to an increase in CHF. For instance,
the assessment by Dhir and Liaw of the interfacial thermal boundary
layer and sequential mass equilibrium in relation to CA supports the
notion that CHF enhancement is proportional to increased hydrophi-
licity [65]. Consequently, as the concentration of surfactant increases, a
stronger CHF is anticipated on smooth surfaces (Fig. 3a) compared to
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nano-inspired surfaces (Fig. 3b).

With a further increase in the surfactant concentration, the CHF does
not exhibit a corresponding rise; instead, it shows a reduction for both
smooth and nano-inspired surfaces, as illustrated in Fig. 4b. This decline
in CHF is attributed to the increased dynamic viscosity of the liquid, a
consequence of high surfactant concentrations [61,66]. When the sur-
factant concentration exceeds the critical micelle concentration (CMC),
surfactant molecules start forming micelles, resulting in increased dy-
namic viscosity of the working fluid (see Figure S2b in SI) [67,68]. This
increase in viscosity impedes liquid accessibility, clarifying why the
maximum surfactant concentration does not align with the peak CHF for
either surface. Importantly, in the vicinity of the boiling surface where
evaporation is predominant, the local concentration of surfactants is
likely to be much higher due to the water evaporation. This localized
surge in surfactant concentration could intensify the dynamic viscosity
near the boiling surface, potentially exacerbating the reduction in liquid
accessibility and further decreasing the CHF, especially on nano-
structured surfaces. The maximum CHFs are observed at 100 ppm for
smooth surfaces and 50 ppm for nano-inspired surfaces, with the latter
demonstrating enhanced CHF at lower surfactant concentrations due to
its inherent hydrophilic characteristics. These findings are consistent
with previous discussions: dissolved surfactants enhance liquid acces-
sibility to the boiling surface, leading to lower CAs and delayed bubble
coalescence [58,59,61,69,70], ultimately improving CHF. However,
when surfactant concentrations surpass the CMC, the resultant increase
in dynamic viscosity adversely affects CHF.

3.2. Functionalized interface: hemi-wicking caused by surface roughening

While both surface roughening and liquid accessibility are recog-
nized as crucial determinants of boiling performance, the extent to
which these factors independently or synergistically influence CHF is
still ambiguous. The conventional approach inadequately addresses the
contributions of roughness factor (r) or apparent CA () in evaluating
boiling performance. For instance, although a reduction in CA - ach-
ieved either through decreasing surface tension or introducing highly
rough nanostructures — should theoretically result in an increased CHF,
this explanation falls short of accounting for the substantial enhance-
ment observed on both smooth and nano-inspired surfaces [26]. The
traditional perspective does not establish a definitive correlation be-
tween apparent CA and CHF, suggesting a need for further investigation
into whether the identified factors are truly independent or if any
additional, unidentified influencing factors exist.

Nanostructures and combined nano/micro-hybrid structures at the
solid-liquid interface markedly increase surface roughness, which ex-
pands the solid-liquid contact area and facilitates heat dissipation. As
noted earlier, increased roughness augments hydrophilicity by
decreasing the CA, as outlined by Wenzel’s model [40]. A less appreci-
ated factor is hemi-wicking, which refers to the capillary-driven spread of
liquid across a roughened interface due to its morphology. The occur-
rence of hemi-wicking is governed by the substrate’s inherent surface
free energy and its roughness factor [71]. It manifests when the force
balance at the liquid-solid interface equilibrium meets specific geo-
metric prerequisites [38,71], represented by:

cos™(0.) = cosT (1 — @) [/ (r— ) > 6, (3a)

where 6, denotes the critical CA. Using Washburn’s model [72,73],
hemi-wicking can be quantified via the wicking rate, W:

2H o cosf* — cosf, 172 @
38 u cos0, ’

where H, 3, and y represent the height of the interfacial structures, shape
factor, and fluid dynamic viscosity, respectively. Herein, the shape

factor f is defined as a parameter reflecting the dimensions and shape of
capillary-inducing structures, aligning with the definitions provided in
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previous studies [10,42,46,73]. The wicking rate is determined by both
the fluid’s properties and the surface energy balance, as well as geo-
metric parameters associated with shape factors and dimensions.

It is crucial to note that “surface roughness” should not be viewed as
a standalone parameter when assessing boiling performance. Rather, it
serves as an indicator of hemi-wicking, which is intrinsically tied to the
spread of liquid and roughness itself. To discern the sole impact of
roughness, one approach is to reduce the liquid’s surface tension on a
wicking surface, thereby eliminating the wicking effect. The formation

(a) (b)
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of micelles resulting from increased viscosity further inhibits hemi-
wicking since viscosity and wicking rate are inversely related. This
increased viscosity disrupts liquid propagation among nanostructures,
thereby attenuating hemi-wicking. As suggested by Eq. (3), by lowering
the surface tension of DI water, it is possible to reduce hemi-wicking
while preserving the roughness (as shown in Fig. 4c). Notably, a 77%
decline in the wicking rate was observed when the surfactant concen-
tration increased from zero to 1000 ppm. This method allows us to
pinpoint the exclusive effect of surface roughness by decoupling it from

(c) (d)
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Fig. 5. Visualization of bubble pinning (at 0 ms) post-growth and subsequent departure from smooth surfaces at surfactant concentrations of (a) 0 ppm and (b) 100
ppm, and roughened surfaces at surfactant concentrations of (c) 0 ppm and (d) 100 ppm. Black dashed lines and arrows mark the initial pinning position at the rear of
forming bubbles, while red arrows indicate the final departure position. Schematic diagrams in (e) and (f) illustrate flow resistance variations depending on interface
conditions on smooth and roughened surfaces, respectively.
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hemi-wicking, unlike previous studies that inherently linked roughness
effects with wicking [4,10,13,16,22,24,74].

3.3. Hemi-wicking for anti-pinning of bubbles

By decoupling/diminishing the hemi-wicking effect, the morpho-
logical influence of SINWs can be reinterpreted as a unilateral roughness
effect along the x-axis of Figs. 4b and 4c. For instance, in the absence of
surfactants (at 0 ppm), the nano-inspired surface exhibits a CHF 37%
higher than a smooth surface due to hemi-wicking and is consistent with
previous studies [36,75]. However, this same nano-inspired surface
shows an 11.3% decrease in CHF compared to the smooth surface at
surfactant concentrations ranging from 10 to 1000 ppm. While nano-
wires are generally believed to enhance CHF by reducing the CA [14],
our findings indicated a significant reduction in CHF when the rough-
ness effect of nanowires is considered separately, without the influence
of wicking. This reduction might be more pronounced due to a localized
increase in surfactant concentration, leading to increased viscosity at the
boiling surface. In a

During forced convection in flow boiling, we observed that surface
roughening impeded bubble detachment as a plausible reason for the
CHF reduction on the roughened surfaces. Bubbles on various surfaces
exhibited distinct slip distances under lateral forced convection, as
illustrated in Fig. 5. On smooth surfaces, bubbles slid far downstream
(1.4-1.6 mm, Figs. 5a and 5b) regardless of surfactant concentration. In
contrast, on roughened surfaces, bubbles had shorter slip distances
(Figs. 5¢ and 5d), which further decreased as surfactant concentration
increased, reducing secondary hemi-wicking. The observed differences
in bubble behavior are not solely due to the presence of surfactant. When
surfactants adhere to silicon in water, they form a bilayer on the silicon
surface, exposing their hydrophilic head to the water [76]. This pro-
motes water movement around the silicon and aids in liquid supply
between nanowires without reducing slip distance on nanostructure
surfaces.

The primary factor driving bubble detachment from boiling surfaces
is forced flow. As bubbles move, their behavior is influenced by surface
morphology. Bubbles nucleated on nano-inspired surfaces are typically
smaller and tend to merge as boiling intensifies [24,77]. When
hemi-wicking is active, the continuous influx of liquid pushes the vapor
beneath the bubble, enabling easier bubble movement, even on the
roughened surfaces. In the absence of hemi-wicking, vapor can be
trapped within the roughened interface, leading to larger bubbles that
cling to the surface [78]. Interestingly, roughened surfaces extend the
contact lines, creating a force that keeps bubbles anchored. This
increased adhesion, a consequence of the rougher morphology (Fig. 5f),
impedes bubble detachment, a behavior contrasting with that seen on
smooth surfaces (Fig. 5e) which facilitates easier bubble release. This is
reminiscent of the pinning effect seen with droplets on textured surfaces
[79,80]. Such roughened surfaces interfere with the movement of the
three-phase contact line, thus making bubble removal more challenging.
This effect delays the supply of fresh liquid to initial nucleation sites
until the bubble detaches, particularly when hemi-wicking is lacking
(Fig. 5d).

On smooth surfaces, bubble dynamics are mainly driven by
convective flow, which cools the initial nucleation site as the bubble
moves (Fig. 5b). The adherence of bubbles to roughened surfaces
highlights the negative impact of separating roughening and hemi-
wicking (Figs. 5¢ and 5d). This adherence, as presented by the short-
ened slip distance from Figs. 5c to 5d, thickens the vapor layer before
film boiling starts, raising thermal resistance and hindering heat dissi-
pation. This phenomenon explains the lower CHF observed on nano-
inspired surfaces and the progressive decrease in CHF despite reduced
surface tension. Therefore, it is essential to recognize the reversal effect
tied to surface roughening. Employing hemi-wicking to minimize bub-
bles trapped within roughened surfaces emerges as a viable solution in
boiling applications.
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In addition to our observations on hemi-wicking and bubble pinning,
it is pertinent to consider the implications for flow boiling instabilities.
While our study did not directly focus on flow instabilities, the interplay
between nanoscale surface structures, hemi-wicking, and bubble dy-
namics could provide valuable insights into this phenomenon [81-83].
For instance, the controlled hemi-wicking on nanostructured surfaces
might contribute to stabilizing the flow by moderating bubble coales-
cence and movement, potentially mitigating flow boiling instabilities
[82-86]. This aspect warrants further investigation, particularly
considering the prevalence of such instabilities in microchannel con-
figurations and their impact on thermal performance. Therefore, our
findings on surface modifications and hemi-wicking could provide a
foundation for future studies aimed at comprehensively understanding
and managing convective flow boiling instabilities in various cooling
systems [87,88].

4. Conclusions

This study significantly advanced our understanding of flow boiling
by exploring the synergistic effects of morphological roughening and
hemi-wicking through SiNWs on CHF. We successfully differentiated the
roles of surface roughening and hemi-wicking by manipulating liquid
surface tension with surfactants. Our experimental findings revealed a
notable 37% increase in CHF on nano-inspired surfaces compared to
their smooth counterparts, demonstrating the benefits of enhanced
liquid accessibility, dynamic hemi-wicking, and decreased static contact
angle.

Conversely, the suppression of hemi-wicking resulted in an 11.3%
decrease in CHF, even on nanowire-inspired surfaces. This observation
emphasizes the crucial role of hemi-wicking in facilitating bubble
removal and its positive impact on CHF enhancement. In the absence of
hemi-wicking, surface roughening can impede bubble detachment in
forced convection, highlighting the previously overlooked significance
of hemi-wicking.

The insights gained from this study suggest that future boiling
studies should design surface morphologies that optimize bubble
detachment while considering the potential adverse effects of surface
roughening. The role of hemi-wicking in managing bubbles on rough
surfaces is pivotal for boiling applications. This study not only advances
our understanding of nanostructuring for thermal management but also
sets the stage for future research focused on optimizing bubble detach-
ment and heat dissipation in high-efficiency cooling technologies, laying
a robust groundwork for subsequent studies on heat transfer and boiling
mechanisms.
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