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Morphologically driven dynamic wickability is essential for determining the hydrodynamic status

of solid-liquid interface. We demonstrate that the dynamic wicking can play an integral role in

supplying and propagating liquid through the interface, and govern the critical heat flux (CHF)

against surface dry-out during boiling heat transfer. For the quantitative control of wicking, we

manipulate the characteristic lengths of hexagonally arranged nanopillars within sub-micron range

through nanosphere lithography combined with top-down metal-assisted chemical etching. Strong

hemi-wicking over the manipulated interface (i.e., wicking coefficients) of 1.28 mm/s0.5 leads to

164% improvement of CHF compared to no wicking. As a theoretical guideline, our wickability-

CHF model can make a perfect agreement with improved CHF, which cannot be predicted by the

classic models pertaining to just wettability and roughness effects, independently. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4901569]

Nucleative boiling is definitely dependent on the interfa-

cial hydrodynamics between phase-changing of fluids and

counteracting re-wetting of the interface.1 Two principal fac-

tors, which are surface morphology regarding roughness, and

apparent wettability, have been the physical grounds to

manipulate interfacial characteristics for favorable boiling

performance. Advanced techniques, such as fabrication of

nano/micro hierarchical structures,2–4 and functionalization

of interfaces allowed the synthesis of finer structures for lim-

itless manipulation of interfaces, and secured the advantages

of rough morphology and by-productive wetting characteris-

tics for activating nucleation, areal pin-fin effects, and favor-

able surface re-wetting.5–8

Despite the promise of these approaches, the interfacial

physics governing the thermo-hydraulic criteria on critical

heat flux (CHF), which is the maximum heat dissipation

capacity, remains poorly understood. When vigorous nuclea-

tion and its coalescence break the hydrodynamic stability,

CHF will occur causing the burnout of the interface.

Classical models are based on hydraulic instability and ther-

modynamic equilibrium states, and showed good coinci-

dence with experimental results regarding macroscopic

interfacial physics.9–11 However, the classical models inde-

pendently based on the apparent roughness and static wett-

ability effects have fallen short of explaining unprecedented

increases in CHF via nano-inspired interfaces. When nano-

or nano-micro hierarchical structures realized extremely

rough and superhydrophilic surfaces, the models had limita-

tions to decrease an enormous discrepancy between the

improved CHF and the predictions.12,13

The aim of this study is to suggest a reasonable

approach to explain interfacial physics for predicting CHF,

from the point of view of microscopic near-field mechanisms

on hydrodynamic surface re-wetting. Particularly, we discuss

how wickability driven by morphological aspects can be

principal for determining the hydrodynamic refreshing capa-

bility over solid-liquid interfaces.14–16 To control the wick-

ing performance, arranged nanopillar structures were

synthesized by top-down Si etching5,17 with nanosphere li-

thography. Specifications and images of the structures are

presented in Table I and Fig. 1, respectively. Detailed proce-

dures for material preparations can be found in the supple-

mentary information.18

The thermodynamic stability of a liquid droplet on a

solid surface can be given by Young’s equation as shown in

Fig. 2(a), and it defines the physical characteristics of static

contact angle (CA).19 The hydrodynamic behavior of

liquid should be governed by morphological characteristics

regarding the surface roughness and porosity as well as the

intrinsic characteristics such as interfacial free energies.

Hydrophilicity is enhanced by roughening surface morphol-

ogy based on Wenzel’s model.20 Especially, strong hydro-

philicity can be realized when a geometrical prerequisite

meets a criterion for the occurrence of hemi-wicking.14,16 As

described in Fig. 2(b), hemi-wicking is closely related to

morphological factors. According to the Wenzel’s model for

TABLE I. Geometrical variables and determinants for hemi-wicking of

Eq. (1) on Si substrates with the manipulated nanopillars, and the resulting

apparent CAs, h.

Geometric variables Determinants for wicking CAs

Case d (nm) p (nm) h (nm) r u hc(�) h (�)

Case1 500 610 2000 10.75 0.61 87.8 10.5 6 2.51

Case2 360 610 2000 8.02 0.32 84.9 9.56 6 1.52

Case3 280 610 2000 6.46 0.19 82.7 6.97 6 1.83
a)Author to whom correspondence should be addressed. Electronic mail:

hhcho@yonsei.ac.kr. Tel.: þ82 2 2123 2828. Fax: þ82 2 312 2159.

0003-6951/2014/105(19)/191601/4/$30.00 VC 2014 AIP Publishing LLC105, 191601-1

APPLIED PHYSICS LETTERS 105, 191601 (2014)

http://dx.doi.org/10.1063/1.4901569
http://dx.doi.org/10.1063/1.4901569
http://dx.doi.org/10.1063/1.4901569
mailto:hhcho@yonsei.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4901569&domain=pdf&date_stamp=2014-11-10


the equilibrium of interfacial forces, the criterion for hemi-

wicking can be expressed as a function of geometric

variables14,16

h� < hc ðcos hc ¼ ð1� uÞ=ðr � uÞÞ; (1)

where h*, hc, r, and u represent the equilibrium CA on

an ideal plain surface, critical CA demanded as the prereq-

uisite, roughness factor defined as the ratio of the actual

to projected surface area, and solid fraction of the

solid-liquid interface contacting the liquid droplet, respec-

tively. Considering the average diameter d, pitch p, and

height h of the hexagonally arranged pillars described in

Figs. 1(d) and 1(e), we define the determinants of

r � 1þ ðpdh=p2 sin 60Þ and u � ðpd2=4p2 sin 60Þ as the

function of variables. The Si substrate has an equilibrium

CA of 42.6�, and we can readily increase the hydrophilicity

by extremely roughening the morphology, leading to hemi-

wicking. These deliver the conditions for wicking charac-

teristics for Eq. (1) with critical CAs higher than 80� for all

of the manipulated nanopillars (Table I). Since the geomet-

ric prerequisite satisfies the criterion of hemi-wicking, we

can see from Figs. 2(c) and S2(a)–S2(c) that water can be

permeated immediately on the interface having the nano-

pillars (multimedia view).18

Because the wicking is laminar flow, the liquid supply

to the wicking front can be linearly related to hydraulic

FIG. 1. SEM images of nanopillars

with the same 610-nm pitch and 2-lm

height: (a) case 1 diameter is 500 nm;

(b) case 2 is 360 nm; (c) case 3 is

280 nm; (d) and (e) schematics describ-

ing nanopillars.

FIG. 2. Wetting and hemi-wicking: (a) and (b) schematic describing the thermodynamic stability of a droplet on a solid and hemi-wicking on a roughened sur-

face; (c) wicking by a water droplet on the nanopillars. Movies are attached in the supplementary material;18 (d) wicking propagation plots. The wicking coeffi-

cient (W) is defined by the average slope of wicking distance versus the square root of time.

191601-2 Kim et al. Appl. Phys. Lett. 105, 191601 (2014)



resistance for a fully developed flow. When we assume that

the wicking through interfacial structures is a Poiseuille flow

on a plain surface, wickability is dependent on the fluidic re-

sistance and the capillary pressure based on the Washburn

model.21,22 Then, the wicking distance, x, can be expressed

as a function of time and characteristic lengths of wicking

passages as follows:23

x ¼ 2

3b
� cos h� � cos hc

cos hc
� ch

l
� t

� �0:5

¼ W � t0:5; (2)

where b, c, l, t, and W are the empirically determined con-

stant, surface tension of the liquid, viscosity of the liquid,

time, and wicking coefficient, respectively. Here, b is a kind

of shape factor regarding dimensions and shape of a capillary-

inducing structures.24–27 If the volume of liquid droplet is

sufficient and the wicking passage has a rectangular cross-

section for straight forward propagation, the wicking coeffi-

cient can be characterized by controlling the spacing between

nanopillars. Figures 2(c) and 2(d) show that the nanopillars

lead to interfacial hemi-wicking, and consequent wicking

coefficients of 0.73, 0.98, and 1.28 mm/s0.5, respectively.

Satisfying the prerequisite for hemi-wicking, expanding space

between nanopillars can reinforce the wickability by decreas-

ing hydraulic resistance. This is in a good agreement with pre-

vious demonstrations that reducing resistance against liquid

propagation is essential to enhance wicking performance.22,24

Lowering the hydraulic resistance also results in the reinforce-

ment of static hydrophilicity with apparent CAs of 10.5�,
9.56�, and 6.97� from three cases, respectively.

The effect of the wicking manipulation on CHF can be

verified through the evaluation of boiling curves as presented

in Fig. 3 showing the relationship between an applied heat

flux and a corresponding wall superheat.18 Considering this

critical point of CHF, we confirm from Fig. 3 that CHF grad-

ually increases as we reinforce hemi-wicking performance.

CHF is a key parameter for a reliable heat dissipating boiling

system. It is a physical phenomenon involving the hydrody-

namic characteristics of phase-change and fluid momen-

tum28–30 as well as surface characteristics.5,6,12 Considering

the hydraulic stability between evaporative nucleation and

accessibility of coolant,28,29 and interfacial characteristics

such as the apparent static wetting,9,11 numerous approaches

have been modified to how thermo-hydrodynamics and its

instability affect CHF, and to accurately predict CHF. While

far-filed mechanisms are explaining hydrodynamic instabil-

ities between up-flowing vapors and counteracting down-

flowing liquids, near-field mechanisms focus on interfacial

effects over a boiling surface excluded in far-field physics.5

One accepted approach by Kandlikar describes the behavior

of a bubble on a vapor-liquid interface, and considers the

interfacial hydrodynamics to define critical condition of

CHF.11 In particular, Dhir and Liaw also presented that CA

is a principal determinant of the hydrodynamics regarding

the size of nucleating bubbles.9 They established a model

based on theoretical approximations of heat transfer rate

through the conduction of liquid layer and its evaporation.

On the models, interfacial hydrodynamics reflecting inherent

characteristics of a boiling surface were indirectly regarded

by considering contact angle, and have been effective to

guide experimental CHF results. However, we can find that

macroscopic approaches on hydrodynamic behavior by itself

is insufficient to explain the remarkable increase in CHF

obtained especially by nano-inspired interfaces.12 As we also

presented in the inset of Fig. 3, they show considerable dis-

crepancies compared to the theoretical predictions, which

considered apparent CA as a principal determinant. The dis-

crepancy is getting larger in strong hydrophilic regime.

These results prompt us to ask whether these disparities arise

from a factor that was excluded from the prediction, without

regard to the characteristics of the hydrodynamic interface

such as static wetting of apparent CAs. However, the wetting

is not an independent factor, but is coupled to the topography

of surfaces.14,16,25 Intuitively, we therefore suspect the influ-

ential factor will be the roughness. The observed CHF

improvements in Fig. 3 cannot be explained independently

by the roughness factor, either. CHF clearly increased,

although r decreased from case 1 to case 3. This apparent

contradiction was also discussed in recent studies indicating

that the roughness cannot independently dominate in predict-

ing CHF, but it should be manipulated to obtain favorable

surface porosity and capillary pumping effects.4,7,13,31

Since roughness and wettability are correlated, especially

in terms of wickability, the re-wetting by hemi-wicking

accounts for the disparity regarding liquid propagation and

supply into an interfacial layer. CHF occurs when a surface

cannot guarantee accessibility of liquid-phase coolant against

the dry-out of a surface, by the excessive depletion rate of the

liquid over the supply of a coolant toward the surface.32,33

The refreshing capacity and rate of coolant within the inter-

face can be modeled based on the morphologically driven

wicking, and the total amount of heat dissipation can then be

quantitatively analyzed. The interface with arranged nano-

structures is porous and thus has the volumetric capacity to be

filled by wicking. Herein, the amount of liquid supply on a

confined area can be formulated by the void fraction (1�u)

and the height of the interfacial layer substituted by the height

of interfacial structures (h). First, the refreshing rate of a liq-

uid can be expressed pertaining to the dynamic characteristics

of the wicking based on wicking coefficients (W), which is an

integral driving force for supplying liquid. Assuming that

hemi-wicking occurs with a uniform velocity profile along a
FIG. 3. Boiling curves from the manipulated surfaces. Inset presents the

comparison between experimental and predicted CHF values.
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vertical direction within a thin interface, the total amount of

heat absorption by the refreshing liquid, i.e., heat dissipation

capacity by the evaporation, can be expressed as

ðllgqlÞ � ðð1� uÞhÞ �W2. The hydrodynamic stability is guar-

anteed on a confined area with the Rayleigh–Taylor interfacial

wavelength of kRT describing the critical length for initiating

instability between up-flowing vapor and down-flowing liq-

uid.10,11 The analytical expression for the enhancement of

CHF can then be expressed by augmenting the heat dissipa-

tion capacity from a plain surface as follows:

q00wick�CHF ¼ Bllgqlð1� uÞW2=k2
RT þ q00Kandlikar; CHFjplain; (3)

where q00wick�CHF, llg, and ql are the critical heat flux value by

the wicking model, latent heat of fluid, and density of liquid-

phase fluid, respectively. Here, B corresponds to a compen-

sating factor for the wicking capacity regarding the height of

the interface as C1 � h, and is empirically fitted by 0.102 for 2

lm height layer by hexagonally arranged nanopillars. From

Fig. 4, we confirm that the wickability can establish well-

matched CHF criteria as a linear function. The y-axis inter-

cept of the linear fit (94.4 W/cm2) also corresponds well with

the empirical CHF of 91.0 W/cm2 on a plain surface (3.60%

difference), which does not involve wicking behavior at all.

This term refers to the reference condition without any wick-

ing, and it can be reflected by Kandlikar’s model as inserted

in the right-hand side of Eq. (3).

Strong wicking can enhance boiling performance by

guaranteeing hydrodynamic stability against surface dry-out.

Wickability can thus be essential for a model to account for

the hydrodynamic criteria on CHF regarding interfacial liquid

propagation and refreshment. In this study, we discussed that

the interfacial hydrodynamics can be physically approxi-

mated by the wicking induced by morphological-aspects of

the surface, i.e., the wicking coefficient was an integral factor

for quantizing re-wetting of the interface. The amount of

refreshing water within a boiling interface could be predicted

by the wickability, and it could be related to the criteria of

CHF considering the instability of the hydrodynamic behav-

ior of the multiphase flow. We suggested that the wickability-

CHF model to demonstrate the dynamic wicking factor is

linearly related to CHF, and strong wickability can lead to

outstanding CHF values which cannot be predicted by the

classic models pertaining to just wettability or roughness

effects, independently. We expect it to be a starting point to

explain the physics of CHF with respect to the hydrodynamic

concept of wickability, which combines the effects of surface

roughness and wettability over manipulated interfaces.
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