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This study investigated an effect of nanotubes on a heated surface onto Leidenfrost droplet through

high speed visualization and momentum balance analysis. Delayed cutback phenomena and

Leidenfrost Point (LFP) by dramatically high heating level were observed, and it is elucidated

through wettable and spreadable features induced by nanotubes. As much delayed LFP, transient

boiling regime with explosion-like dynamics of a water droplet on the nanotubes was observed.

Furthermore, nanotubes required higher wall temperature to maintain non wetting cushion, due to

the induced slip condition by porous features. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4809944]

Film boiling results when a surface is significantly hotter

than the liquid’s boiling point, and it generates a thin of vapor

layer. In case of a water droplet as a liquid, it may hover on

the vapor layer by strong vaporization at vapor-liquid inter-

face called Leidenfrost effect. As film boiling incipience for

a liquid droplet, Leidenfrost Point (LFP) results in a dramatic

deterioration of heat transfer performance due to the ther-

mally insulating vapor layer, and a longer time for evapora-

tion of a droplet is required above the LFP. Therefore, a

higher LFP is important for rapid cooling of overheated

components of high-power density thermal systems, such as

nuclear reactors exposed in hypothetical accident condition.

Recent widespread dynamic developments in the field of

nanotechnology have included promising techniques in heat

transfer engineering. In particular, there have been numerous

studies of the effect of nanostructures on two-phase heat

transfer, such as the pool boiling heat transfer and critical

heat flux (CHF).1–7 However, only a few studies have been

devoted to analyzing nanoscale effects on film boiling at

high surface temperatures well over the nucleate boiling and

CHF regions. Furthermore, traditional LFP models8,9 based

on hydrodynamic instability of a vapor film cannot

adequately explain LFP delay due to the nanofluids depos-

ited on the surface.10,11 Recently, Kim et al.12 reported

delayed LFP due to heat conduction in thin vertical liquid fil-

aments between water droplets and a treated surface while

varying surface parameters, such as surface roughness, wett-

ability, and nano porosity. In the present study, we investi-

gate the effect of nanotubes on behavior and cooling

performance of the water droplet on wide heating range,

even much higher than the LFP. In addition, we propose a

reliable mechanism for delayed LFP and stable film boiling

point (initial non-wetting points), based on the water–solid

interaction and nanotubes surface morphology.

The nanotubes were fabricated on a zircaloy surface

(25 mm � 15 mm � 0.7 mm) via the anodic oxidation tech-

nique with hydrofluoric acid 0.5%, as reported Ahn et al.13

Figures 1(a) and 1(b) show a top view and an enlarged view

of the nanotubes surface, respectively. The nanotubes had an

average diameter of 20 6 3 nm and an average height of

2.52 6 0.31 lm throughout the top and oblique (45�) views

shown in Figures 1(b) and 1(c). The nanotube arrays exhib-

ited super hydrophilic wetting (complete wetting), with a

measured contact angle of 4.2�6 2.3�, as shown in Figure

1(d). As the prepared surface has a nanoscale morphology

consisting of tube bundles, it exhibits capillary wicking and

liquid spreading on the surface via the well-known Wenzel

effect.14 A water droplet of 6 ll was vertically dispensed

from a height of 10 mm (Weber number¼ 3.27) above the

test surface, which was heated by conduction from a large

brass block. After the water droplet was dispensed, its

motions were captured by a high-speed camera at

5000–30 000 frames per second. The wall temperature of the

test samples was measured by a K thermocouple with a di-

ameter of 0.001 in. And the evaporation times of droplet

along the increased heating level of the test surface also

were measured, and it is shown in Figure 2. Generally, the

LFP is determined by a jump in the evaporation time. Here,

the temperature corresponding to the longest evaporation

time after the jump is the LFP, thus the LFP is 300 �C on the

FIG. 1. Test surface with zirconium nanotubes: (a) SEM image of nano-

tubes, (b) enlarged view of nanotubes, (c) oblique view of nanotubes, (d)

contact angle (�4.2�) between the nanotubes and a 2-ll water droplet (the

contact angle with bare zirconium is �42�).a)Corresponding authors: hsahn@incheon.ac.kr and mhkim@postech.ac.kr

0003-6951/2013/102(23)/233901/5/$30.00 VC 2013 AIP Publishing LLC102, 233901-1

APPLIED PHYSICS LETTERS 102, 233901 (2013)

Downloaded 14 Jun 2013 to 141.213.172.18. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.4809944
http://dx.doi.org/10.1063/1.4809944
mailto:hsahn@incheon.ac.kr
mailto:mhkim@postech.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4809944&domain=pdf&date_stamp=2013-06-10


bare surface and 370 �C on the nanotubes surface. The LFP

for the bare surface is close to values previously reported in

the literature. Furthermore, the evaporation time for the

nanotubes surface before the LFP (�300 �C) is less than that

of the bare surface, due to liquid spreading on the nanotubes

surface. The dispersed water on the nanotubes surface cre-

ates a thinner liquid layer, and develops thermal conditions

for evaporation more rapidly than on a bare surface. Hence,

the thinner water layer evaporates at the liquid–vapor inter-

face, or undergoes more heterogeneous nucleate boiling at

the liquid–nanotube interface, leading to better cooling per-

formance via faster evaporation.

According to Figure 2, the bare surface has almost no

transient region between the CHF (minimum evaporation

time) and LFP, whereas the nanotubes surface has a 70 �C
transient region, which is equal to the amount of LFP delay.

Figures 3(a) and 3(c) show snapshots of water droplet

dynamics in the transient region (�350 �C), clearly indicat-

ing the differing behaviors of water droplets on the nano-

tubes and bare surfaces. The meniscus of a droplet on the

bare surface is lifted up by a rapid vaporization at a recoiling

triple line, a cutback phenomenon introduced by Kandlikar

and Steink.15 On the bare surface, the droplet rebounds with

a cutback phenomenon and makes no further contact with

the wall. It loses its downward inertia and hovers over the

surface at the onset of the LFP (see the supplementary

FIG. 2. Droplet (6 ll) evaporation time on each of the surfaces. Black trian-

gles indicate the bare (untreated) surface and red circles indicate the nano-

tube surface.

FIG. 3. Behavior of water droplets on

the heated bare and nanotube surfaces.

Bare surface (a) at a wall temperature of

350 �C a cutback phenomenon at 7–9 ms.

(b) At a wall temperature of 450 �C, Nano

surface (c) at a wall temperature of

350 �C on the nanotube surface, explosive

water droplet dynamics (d) at a wall tem-

perature of 450 �C, a cutback phenom-

enon at 2–4 ms, and small liquid filaments

beneath the water droplet at 0.6 ms.
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video30). However, a water droplet on the nanotubes surface

is scattered into many sub-droplets, destroying the droplet

interface. The meniscus spreads and many small droplets are

explosively ejected in the transient region (see the supple-

mentary video30). Furthermore, the wall temperature at

which a droplet cannot touch the wall and results immediate

rebound (the “cannot touch the wall point”) is 450 �C for the

bare surface and 570 �C for the nanotubes surface (see the

supplementary videos30). In summary, the following nano-

tube effects on droplet dynamics and cooling were observed

in this experiment: (1) fast evaporation, (2) cutback phenom-

ena delay, (3) explosive behavior in the transient region, and

(4) “cannot touch the wall point” delay. We would like to

interpret the upper findings through the mechanisms of heat

transfer and induced force on the nanotube surface.

First, we consider the cutback phenomenon for the water

droplet on the heated bare and nanotube surfaces, as shown

in Figures 3(a) and 3(d) (corresponding to bare and nano-

tubes surfaces with wall temperatures of 350 �C and 450 �C,

respectively). The intense evaporation at the interface near a

triple line exerts a vapor recoil force, which pushes the inter-

face underneath the droplet. If the evaporation induced vapor

recoil force is exerted on the water droplet weight and sur-

face tension force holding the surface, the triple line of drop-

let will be recoiled and lifted as shown in Figure 3(a) at 8

ms. Since the interfacial phenomena are in motion due to

evaporation at the triple line, dynamic wetting (receding con-

tact angle) is considered as main parameters under these con-

ditions. The improved wettability (from 49.3� to 4.3�) and

the liquid dispersal phenomenon due to capillary suction

between the nanostructures16,17 bring a smaller interfacial

curvature c, and increase the surface tension FS ¼ r=c,

where r is surface tension of the liquid. As previously men-

tioned, the cutback phenomena is triggered by evaporation

recoil force larger than the surface tension force. The evapo-

ration recoil force can be evaluated by recoiling pressure,

FV � PV ¼ g � ðq�1
v � q�1

l Þ due to disparate densities of the

vapor and liquid phase, where g is evaporation rate per area

and time, determined by heat transfer amount.18 From

another perspective, the heat transfer, solution for an evapo-

rating liquid meniscus on a heated surface was investigated

by Wang et al.,19 showing that the higher wall temperature,

the larger heat transfer. Therefore, vapor recoiling induced

by evaporation process increases with wall temperature, and

a higher wall temperature is required to overcome the

increased surface tension force of nanotubes. In addition,

Sefiane et al.20 reported that improved wettability delays

recoil instability, based on an analytical and experimental

investigation. Due to the rapid evaporation of vapor in a liq-

uid meniscus, increased vapor recoil force causes recoil

instability. However, if the contact angle is lower, the liquid

system becomes more stable, and evaporation of wettable

and dispersed water seems to be more stable. So, the more

stable liquid meniscus by nanotubes endured the stronger

evaporation recoil force at the higher wall superheat due to

the improved wettability and liquid dispersal capability.

Next, we examine the explosive behavior of the water

droplet on nanotubes surface comparing the droplet behav-

iors on the bare surface at 350 �C shown in Figures 3(c) and

3(a), respectively. On the bare surface, there is no explosive

behavior, and short stable dispersion continues with cutback

phenomenon. On the other hand, an explosive reaction

occurs on the nanotubes surface; when the water droplet

touches the surface, the interface is rapidly enlarged by evap-

oration. Liquid spreading due to nanotubes surface induces a

faster movement of the liquid precursor on to the thin liquid

layer than on the contact line, which implies high-speed liq-

uid absorption in the nanostructures, as it touches the sur-

face. The precursor line of the water droplet is already larger

relative to the thin layer, and the heat transfer area of the

heated wall is enlarged. Furthermore, many of pore by nano-

tubes contribute a number of chances of nucleate boiling as

cavities. Due to the vigorous nucleate boiling by the thin

layer, the falling water droplet is torn apart from the bottom

as it touches the nanotubes surface. Thus, the shape of the

water droplet is changed to that of a dome, while contact is

maintained between the edge of the droplet and the nano-

tubes surface. A vaporized space forms between the dome-

shaped water droplet and the nanotubes surface, as shown in

the 0.2–0.6 ms segment of Figure 3(c), seems explosive.

Furthermore, according to Dhir and Liaw21 and Berenson,22

the surface roughness and clearness (hydrophilic defects)

can help the large portion of nucleate boiling during the tran-

sition boiling, thus the surface factors such as nanotubes play

a role as the disturbance, which induces the instability at the

interface of vapor-liquid phases.

Finally, we examine the “cannot touch the wall point”

of the bare surface (see Figure 3(b)). When the water droplet

approaches the bare surface at a wall temperature of 450 �C,

it rebounds from the vapor cushion. On the nanotubes sur-

face at the wall temperature of 450 �C, the droplet first con-

tacts the surface and then hovers unstably over the surface

with many of liquid filaments shown in Figure 3(d). The

“cannot touch the wall point” for the nanotubes surface

occurs at a wall temperature of 570 �C. We checked the

vapor cushioning capability in both cases (each at the appro-

priate temperature) via a simple momentum balance, meas-

uring several droplet parameters (see Figures 4(a) and 4(b)).

Since both the bare (450 �C) and nanotubes surfaces (570 �C)

have the same Weber number, equal measure of rebound

(3.77 6 0.025 mm), and amount of rebound time (Dt, 12.3

6 0.2 ms), the amount of vapor cushioning force acts on the

water droplets in both cases (I ¼ F � Dt, where I is the impact

(momentum change) and F is the vapor cushioning force).

Furthermore, the downward-facing areas (A, 2.54 6 0.025 mm2)

of the droplets are identical and thus the same amount of

vapor pressure (P) and cushioning capability are exerted.

(P ¼ F=A). The cushioning vapor flow is generated by the

evaporation of the water droplet, known as evaporation

recoil force. Biance et al.23 expressed the evaporation rate

of a hovering liquid droplet ( _m) in terms of the conduction

heat transfer (qk) across the vapor cushion thickness (e) as

follows:

_m ¼ kv

hlv

Twall � Tsat

e
pk2; (1)

where k and k are the conductivity of the vapor and the

radius of the downward-facing droplet surface. Here, it is

implied that a higher temperature on nanotubes surface is

233901-3 Kim et al. Appl. Phys. Lett. 102, 233901 (2013)
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required to obtain same vapor pressure for levitating water

droplet. In order to explain the nanotubes effects, the state of

a hovering water droplet on the nanotubes surface, shown in

Figure 4(c), is considered. Figure 4(c) describes the radial

vapor flow under the evaporated droplet and the amount of

pressurized vapor acting as a cushion. Furthermore, at the

“cannot touch the wall point,” the vapor flow disperses radi-

ally with the continuous vapor flow, at the liquid-vapor inter-

face side, and it induces recoil force. In terms of the

hydrodynamic analysis of vapor flow near the nanotubes, if

there is nanoscale roughness contacting the vapor flow, a

boundary slip condition is induced.24–26 Avedisian and

Koplik26 carried out the experimental study of Leidenfrost

droplet on microscaled-porous/ceramic surfaces and showed

that a portion of vapor flow from evaporation passes through

porous media and slip velocity on the porous medium sur-

face. In other words, the nano porous features of the surface

create a slip condition, resulting from the vapor flow over

the porous medium.27 The slip effect of the wall (uwall ¼ b)

can be expressed in terms of the gas kinetics of the porous

medium (RO), as follows:

b ¼ 8

3qv

R0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pM

2RTwall

r
DP

l
; (2)

where M is the molecular weight, R is the gas constant, and

DP is the pressure drop across the capillary length (l). This

vapor flow slip also occurs when the substrate is porous.

This has been treated with the Brinkman hydrodynamic

interfacial condition28 and the results show the same linear

variation of the slip velocity with the length scale of porous

medium. Based on the Carman-Kozeny relation, characteris-

tic length scale of nanotubes (10-100 nm) can be predicted

by 20 nm (diameter) of fibers, which disordered arrays as a

porous media.29 The slip velocity on the nanotubes surface

(bnano) is approximately O(10�4)m/s with the above

approach, and the slip effect on the nanotubes surface

(neglecting the slip effect on the bare surface affects the

vapor flow rate beneath the water droplet with the following

relation.

Qnano � Qbare � bnano � ð2pkÞ: (3)

Thus, nanotubes surface with a slip effect can radially

disperse more vapors while retaining less vapor acting as a

cushion. Consequently, in order for the “cannot touch the

wall point” to be reached, a nanotubes surface requires more

vapor generation through heat conduction at higher wall tem-

peratures (Eq. (1)). Since we measured the vapor film thick-

ness from the visualization (see Figures 4(a) and 4(b) at

7.6 ms) and other droplet parameters, we calculated that the

evaporation rate for the nanotubes surface at 570 �C (0.39 mg/

s) was 1.26 times larger than the evaporation rate for the bare

surface (0.49 mg/s) at 450 �C. In conclusion, the slip velocity

caused by the nanotubes helps the efficient escape of vapor

flow beneath droplet and reduces the vapor cushion ability.

Thus, higher heating level of wall which can generate more

evaporation of water to vapor is required to “cannot touch the

wall point” with stable film boiling in the nanotubes.
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