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Film levitation and central jet of droplet impact on nanotube surface at superheated conditions
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Influences of surface nanotubes at high temperatures are investigated on droplet impact dynamics and
Leidenfrost effect. Five distinct regimes of impact droplets are found on the nanotube surface, including contact
boiling, film levitation, central jet levitation, central jet, and Leidenfrost phenomenon. The regimes of film
levitation, central jet levitation, and central jet are characterized by either film levitation and/or liquid central jet.
The regime of Leidenfrost phenomenon is characterized by droplet bounce-off behavior free of any liquid jets.
Film levitation is driven by the vaporization of two parts of the droplet, with one as the droplet bottom layer over
the contact area above the nanotube structure, and the other as the hemiwicking liquid in nanotubes. Both the
vaporization is impaired by increasing the surface temperature, which is attributed to the reduced contact time
and less extent of spread of the droplet at a higher surface temperature. The central jet phenomenon is driven
by the vapor stream produced by hemiwicking liquid in the central area upon impact. It is enhanced and then
suppressed by elevating the surface temperature, resulting from the collective effects of the vapor pressure in
nanotubes which increases with the surface temperature, and the cross-sectional area of the vapor stream, which
increases and then decreases with the surface temperature. At a high Weber number, the Leidenfrost temperature
can be increased by 125°C on the nanotube surface, implying a great potential in heat transfer enhancement for

droplet-based applications.
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I. INTRODUCTION

Droplet impingement on a high-temperature surface is
ubiquitously encountered in diverse applications featuring
droplet-based heat transfer processes, including fuel injection
[1], steam turbine [2], electronics cooling [3], etc. [4—6]. Once
the surface temperature is far beyond the boiling temperature
of a liquid droplet, a vapor layer would be produced due to
the vaporization of the droplet at its contact region with the
hot surface. Such a vapor layer could be so thick to isolate the
impact droplet from touching the surface, so the heat transfer
to the droplet would be significantly abated. This phenomenon
is known as the Leidenfrost effect [7], and the correspond-
ing lowest temperature is Leidenfrost point or Leidenfrost
temperature. The emergence of Leidenfrost point normally
indicates the commence of heat transfer deterioration, which
could result in disfunction and even failure of heat transfer
devices. Therefore, great attempts have been devoted to un-
ravel the mechanisms and characteristics of Leidenfrost effect,
and to propose strategies to substantially postpone Leidenfrost
temperature [8—11].

During a droplet impact onto a high-temperature surface,
the Weber number, surface temperature and surface roughness
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are three primary factors having significant influences on the
dynamics and heat transfer of the droplet [12—15]. Increasing
surface temperature enhances vaporization rate of a droplet
and leads to various scenarios of the droplet dynamics. For
instance, upon increasing the surface temperature, the impact
droplet exhibited four distinct regimes, namely film evapo-
ration, nucleate boiling, transition boiling and film boiling
[16,17], where film boiling corresponds to the Leidenfrost
state. Khavari et al. [18] divided the regime of boiling into
four phases with increasing the surface temperature, which are
spreading, bubbly boiling, fingering boiling, and Leidenfrost
point. The wetted area of fingering boiling regime decreased
by raising the surface temperature, and ultimately it transited
to the Leidenfrost regime. As the surface temperature ex-
ceeded the Leidenfrost point, the phenomena of film splash
and central jet could occur [19,20]. Xu et al. [21] found that
reducing the surrounding pressure and the molecular weight
of the gas can suppress droplet splashing completely, which
provides a technique to control the splashing phenomenon
[22]. In respect to Weber number, in a number of studies the
influence of which mainly manifests in dry impact regimes
where liquid-solid contact does not occur [23], exemplified
by droplet disintegration [24], rebound [25], and spreading
[26], rather than in wet impact regimes where liquid-solid
contact occurs [18]. However, some studies show that the Lei-
denfrost point was delayed by increasing the Weber number
[27-29]. The underlying reason is that the vapor layer has to
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be established within a shorter time, so it requires a higher
vaporization rate led by a higher surface temperature.

Surface roughness has been intensively studied for its ef-
fect on Leidenfrost effect [30-32]. Micropillars, nanopillars
[33], nanofibers [34], and nanotubes [35] have been adopted to
elevate the Leidenfrost temperature. The mechanisms mainly
include capillarity-driven hemiwicking and enhanced wetta-
bility induced by surface roughness [36]. Hemiwicking is a
state where a liquid/air interface must develop during liquid
infiltrating a porous surface [37]. It is driven by capillary
force while resisted by viscous force. Kim et al. [38] found
that surface micropillars resulted in re-enabled intermittent
liquid and solid contacts. The resulting Leidenfrost temper-
ature was increased by 26°C and 51°C than the ones on
the plain Au-coated and SiO,-coated surface, respectively.
Moreover, Kwon ef al. [39] investigated the effect of surface
pillar spacing on Leidenfrost temperature, which increased by
100°C as the pillar spacing increased from 20 to 100 um.
They found that a smaller pillar spacing enhanced capillary
force for hemiwicking, but meanwhile hindered vapor es-
cape from the gap between the droplet and the hot surface.
Leidenfrost temperature thus could be largely determined by
the competition between the vapor force and the capillary
force in surface structure. Farokhnia et al. [40] succeeded in
manipulating such a competition by employing a decoupled
hierarchical structured surface, and on which the Leidenfrost
temperature was much higher than those on other hierarchical
structured surfaces. A recent study of Tong et al. [41] showed
a unique lift-off phenomenon of a liquid film on a nanotube
surface, which was given rise by the improved wettability
and capillary effect of the nanotube structure. Hu et al. [42]
reported a superhydrophilic surface by fabricating aluminum
oxide (AAO) nanoporous, and they showed that the vapor film
on this surface was highly thinner and exhibited less dynamic
fluctuations. Due to the enhanced surface wettability, the Lei-
denfrost point for nanoporous surface increased by 32°C. In
addition, on a nanofiber surface, Nair et al. [43] pointed out
that the time scale for the cooling of a nanofiber is smaller than
the one for the heat flow inside the nanofiber, so the nanofiber
was cooled by the vapor flow prior to the impact of the droplet,
and the Leidenfrost temperature was increased.

The aforementioned studies indicate that surface micro- or
nanostructures affect droplet dynamics and Leidenfrost point
from multiple aspects, such as the enhanced wettability, cap-
illary actions, and cooling of surface structures by vapor flow.
In this study, we show that the vaporization of the impact
droplet gives rise to the unique phenomena of film levitation
and central jet on the nanotube surface. Dependencies of the
vaporization for film levitation and central jet on surface tem-
perature are distinctly different, which lead to five regimes of
the droplet with an increase of the surface temperature. The
mechanism for the transition from the central jet of droplet to
Leidenfrost point is also revealed. The Leidenfrost tempera-
ture can be postponed by 50°C on such a nanotube surface at a
low Weber number, while over 125°C at high Weber numbers.
This study reveals the nanotube-induced unique interaction
between vaporization and droplet behaviors, which could en-
rich the knowledge of droplet impact thermodynamics, and
has a potential to be employed for techniques demanding heat
transfer enhancement.
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FIG. 1. (a) Schematics of the experimental setup, (b) scanning
electron microscope (SEM) image of the TiO, nanotubes and the ge-
ometric parameters of a nanotube with its interior radius r;,, exterior
radius r,,, and average height A,, and (c) the static contact angle of
9.6° of the 1 ul water droplet on the nanotube surface at the room
temperature.

II. EXPERIMENTAL METHODS

The experimental setup for the droplet impact onto the
high-temperature surface is shown in Fig. 1(a). The liquid em-
ployed was pure ethanol with its density p; of 789.34 kg/m?,
surface tension o of 22.41 x 1073 N/m and dynamic vis-
cosity 1 of 1.19 x 1073 N's/m? at the atmospheric pressure
P, of 1.01 x 10° Pa and room temperature T of 21 % 1°C.
The ethanol liquid was slowly pushed out of the needle tip
by the syringe pump (Harvard, PHD-UTtra). Droplet was
formed and detached from the needle tip as the gravity ex-
ceeded surface tension, and the droplet initial diameter Dy
was 1.62 £ 0.02 mm. The time the droplet impacted on the
hot surface was set as + = 0 ms, and the impact velocity
vo at the same moment was varied by changing the needle
distance to the surface. The corresponding Weber number
(We = p ngo /o) changed from 16 to 144. The velocity vy
was measured from the images captured by using a high-speed
camera (FASTCAM Mini AX100) at the speed of 21 600 fps
with a 60 mm f/2.8D Nikon lens [41]. vy = Xt where, X3¢
is the moving distance of the droplet within § frames right
before impact and #3; is the elapsed time of 3 frames. The
droplet impact process was recorded from a side view by the
high-speed camera.

Two surfaces were employed. One was a titanium substrate
grew with titanium oxide (TiO,) nanotubes (NTS), and the
other was a plain titanium surface (PTS) as the control group.
The TiO; nanotube surface was obtained by anodic oxidation
of a plain titanium surface [44], and its scanning electron
microscope (SEM) image is shown in Fig. 1(b). The average
interior radius rj,, the average exterior radius 7oy and the aver-
age height &, with deviations of the nanotubes is 24 4 3.5 nm,
31.5+ 3.5 nm, and 1.62 £ 0.12 pm, respectively. The static
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FIG. 2. Time-lapse images of an ethanol droplet impacting onto a nanotube surface (NTS) under different We and surface temperatures T,,.
() We =62, T,, = 160°C, (b) We = 62, T,, = 170°C, (c) We = 45, T, = 210°C, (d) We = 62, T, = 250°C, and (e) We = 17, T,, = 280°C.
The red frames in (b) and (c) indicate the beginning of vaporization-induced levitation of the droplet. See Supplemental Material Fig. S1 for

the five droplet regimes at different 7, and We [45].

contact angle 6 of a 1 uL ethanol droplet on NTS was ap-
proximately 0°, indicating complete wetting. To reflect the
wettability of the NTS, we also measured the static contact
angle of a 1 uLL deionized water droplet, which is about 9.6°
as shown in Fig. 1(c). To guarantee that the surface was not
polluted by impurities in the air, the TiO, nanotube surface
was treated by plasma cleaning for 20 min right before each
test, and we measured that & was almost 0° for an ethanol
droplet as well after the experiment was finished. Three k-
type thermocouples (Omega, accuracy: £0.1 K) were inserted
along the axis of the copper holder, and were 0.5 mm, 1.5 mm,
and 2.5 mm, respectively, below the copper holder top surface.
Surface temperature T, obtained based on the three mea-
surements varied from 100°C to 300°C for both surfaces. To
minimize heat leakage, the copper holder was insulated with
20-mm-thick rock wool.

III. RESULTS AND DISCUSSION

A. Dynamics of impact droplets

The droplet shows five impact regimes on NTS with vary-
ing T, and We. Fig. 2(a) shows the contact boiling regime
(CB) with T, at 160°C and We at 62. After the impact, intense
boiling occurs at 11.57 ms, where a large number of bubbles
are generated. As T, increases to be above 170°C, the droplet
exhibits the film levitation regime (FL), as shown in Fig. 2(b).
The droplet spreads at first and then bounces off the surface at

0.42 ms. We define the moment when the droplet first bounces
off the surface as the contact time 7. As it reaches 1.85 ms, the
droplet is shaped like a levitating film parallel to the substrate.
Moreover, some weak jets occur around the contact area of the
droplet, which become intensified at a higher T5,. As T, further
increases to 200°C and higher, the droplet impact regime
transits to central jet levitation (CJL). The greatly enhanced
liquid jets around the periphery of the contact area are brought
in advance, and they occur slightly ahead of the commence of
levitation for both FL and CJL regimes. Moreover, a liquid
jet is emerged at the droplet center at around 0.51 ms. The
droplet as a whole begins to levitate from the substrate at
around 0.23 ms when a fairly thin space emerges between
the droplet and the substrate, and the levitation phenomenon
becomes distinct at 0.74 ms [see Fig. 2(c)]. It is worth notic-
ing that the contact time decreases from 0.42 ms at T, =
170°C to 0.23 ms at T, = 210°C, suggesting that the liftoff
phenomenon is brought in advances at a higher 7. When
T, increases to reach and be higher than 240°C, the impact
regime is changed to central jet (CJ). As shown in Fig. 2(d),
at 0.65 ms the droplet center is pierced with a formation of
a fractured liquid jet. Less drastic liquid jets also emerge
around the contact area rim. As Ty, is high (280°C) and We is
low (We = 17), the droplet exhibits Leidenfrost phenomenon
(LP) regime. As shown in Fig. 2(e), the droplet spreads to a
film, recoiling and bounces off the surface. Different from the
former four regimes, neither intensive boiling nor jets were
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FIG. 3. Phase diagram of the droplet regimes on (a) a nanotube surface (NTS) and (b) a plain titanium surface (PTS) under various surface

temperature T, and the Weber number.

observed throughout. LP regime is a resemblance to the case
of a water droplet impacting onto a superhydrophobic surface
under a low We [46]. We conjecture that the Leidenfrost point
was reached, so there should have a thin vapor layer formed
separating the droplet and the surface to enable the trampoline
behavior.

B. Conditions for emergence of droplet regimes

On NTS, the five droplet regimes occurred under different
We and T,. To reflect the influence of the nanotube structure,
we conducted similar tests on PTS under the same We and
T,, ranges. The ranges of We and T,, for the occurrence of
the regimes on NTS and PTS are, respectively, shown in
Figs. 3(a) and 3(b). Different from NTS, only CB and LP
regimes emerge on PTS. Therefore, FL, CJL, and CJ regimes
not appearing on PTS are inferred attributed to nanotubes.
As shown in Figs. 3(a) and 3(b), the Leidenfrost point which
occurs at 180°C on PTS is postponed to 230°C on NTS with
the same We = 17.

On PTS, the transit from CB to LP regime occurs at T, =
170°C, and the transit is insensitive to We. On NTS, with
an increase of Ty, the regime transits in such a sequence of
CB, FL, CJL and LP for the low We = 17. The transition
sequence becomes CB, FL, CJL, and CJ at the high We = 33.
It is expected that by keeping increasing T, the regime CJ
would eventually transit to LP. This phenomenon did not
occur in this study since the upper limit of T, was restrained
to 300°C to prevent nanotubes from melting, and below which
the Leidenfrost phenomenon was not initiated. It can be seen
that with We = 17, the Leidenfrost temperature is enlarged
by 50°C, and it is increased by at least 125°C with We higher
than 33. Later in this article we interpret the mechanism for
the postponed Leidenfrost point by raising We.

C. Mechanisms of film levitation

Film levitation solely emerging on NTS rather than PTS
is induced by NTS surface characteristics. NTS is more hy-
drophilic as compared to PTS in this study, so droplet spread
can be enhanced and the resulting heat transfer area between
the droplet and the surface is larger. Figure 4(a) shows the
contact diameter of droplet D, as a function of time ¢ for both
NTS and PTS with T, = 170 and 180°C, and We = 62. D, is
the captured macroscopic contact diameter of the droplet with
the substrate by the high-speed camera, which does not reflect
the nanostructure, as illustrated in Fig. 4(a). The maximum
D, is the maximum value of D, which is namely the contact
diameter right before the droplet bounces off the surface.
Under the same Ty, D, is remarkably higher, and its increasing
rate is larger on NTS. The greatly enhanced spreading on
NTS indicates a larger heat transfer area between the droplet
and the surface, so vaporization over the contact area can be
intensified which contributes to film levitation. Moreover, as
the droplet is spreading on NTS, liquid could fill the nanotubes
through hemiwicking. Once the immersed liquid is vaporized,
the produced vapor could be a source of the driving force for
film levitation as well.

Interestingly, film levitation is negatively dependent on T;,.
Figure 4(b) shows the maximum central height of the droplet
bottom Apmax as a function of Ty, under various We on NTS.
hpmax reflects the degree of film levitation, and it decreases
with increasing T, for a specific We. It suggests that the
vaporization-induced driving force for film levitation is abated
upon raising Ty,. In addition, hpmax 1s basically higher at a
larger We. Under a specific Ty, a larger We indicates a higher
inertia of the droplet, which results in enhanced spreading and
the associated contact area for vaporization, and thus the film
levitation could be intensified.

Based on the experimental results, it is conjectured that
the vaporization of droplet on NTS driving film levitation is
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FIG. 4. (a) Contact diameter, D, as a function of time ¢ for
the nanotube surface (NTS) and the plain titanium surface (PTS)
under 7, = 170°C and 180°C at We = 62. (b) Effect of the surface
temperature T, on the maximum height of the droplet bottom /iy,
at different We.

comprised of two parts. One is the vaporization of droplet bot-
tom layer over the contact area above the nanotube structure.
This part should also be responsible for droplet detachment on
PTS. The other part is the vaporization of liquid hemiwicking
in nanotubes along with impact and spread. The vapor stream
produced from massive nanotubes could bear a high kinetic
energy to push droplet away from the surface. Moreover,
vaporization of hemiwicking liquid at the central contact area
could give rise to the central jet, as observed in the regimes of
CJL and CJ at high T,,, and which is elaborated later in this
article. The two parts of vaporization are both 75, dependent,
and they collectively determine the unique behavior of film
levitation of the impact droplet.

1. Vaporization of droplet above nanotube structure

During the contact time and over the contact area, the heat
conduction through the nanotube layer is mainly dissipated
by heat convection and conduction in the droplet, and the
latent heat for vaporization of the droplet bottom layer. The
schematic diagram of the heat transfer mode is shown in
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FIG. 5. (a) Schematic diagram of the heat transfer mode for an
impact droplet with the droplet initial temperature 7y, initial diam-
eter Dy, the solid-liquid interface temperature 7js, the solid surface
temperature T,,, and the temperature of nanotubes Ty, (Tyn =~ Ty).
(b) The relation among 7Tj, T, and Ty.
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FIG. 6. (a) The normalized contact diameter D, as a function of
the normalized time 7 at We = 62 for various normalized surface
temperature Ty,; (b) the normalized contact time 7, as a function
of the normalized surface temperature T, for various We on the
nanotube surface (NTS).
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Fig. 5(a). By neglecting heat conduction in the droplet for
simplicity, the heat transfer through the contact area is (the
unit of temperatures is K in the following calculation)

e TA Tw Tk fet
/ AT = Tkl ~/ AW (T — To)dt + myL,
0 hy 0
(1)

where A, = T'Z is the macroscopic planar contact area be-
tween the droplet and the substrate which does not involve
surface porosity (the hemiwicking process is elucidated later
in this article). Ty, is the temperature of nanotubes by assum-
ing that T,,, =~ Ty, Tjs the solid-liquid interface temperature,
ki the effective thermal conductivity of the liquid and nan-
otube, ¥ the heat transfer coefficient of convection, 7; the
droplet temperature before impact, my the mass of liquid
which is vaporized, and L is the latent heat of vaporization.
The expression of ki [47] is

L\ 2
= (2 (2) o

Fout Fout
where k; and k, are the thermal conductivity of the liquid and

nanotube, respectively. According to Ref. [48], the relation
between 7js and Ty, can be estimated by

Tis = aTy, + Tyb, 3)

A/ knﬂncp‘n B VA Ui L N klplbpl
«/knpncp,n't'«/klplcp.] \/knpncp n‘t‘«/klplcpl

and ¢, are the density and specific heat capacity of nanotube
material, respectively. ¢, is the specific heat capacity of the

J

where a = and b=

7.21x 10~ (ki cpi To—ki, cpn Toa— l//hntplToa)

liquid at the atmospheric pressure. We plot in Fig. 5(b) the
relation among Tjs, Ty, and Tp. Tjs is much closer to T;, because
of the large magnitude of k, p,cp o, and it increases with 7.
From the experimental results, we obtained the relation of
the normalized contact diameter D, = D L with the normalized

time 7 = B—‘;t, and the one of the normalized contact time 7, =

. . = Ty—T,
g—‘(’)fm with the normalized surface temperature 75, = T—_T;‘
v,a

for the cases with We = 62 as an example, where T, , is the
saturation temperature of ethanol at the atmospheric pressure.
As shown in Fig. 6(a), the relatlon of D¢ and 7 under a Ty, is
fitted by the equation D, ~ af*%, a ~ 2.87T,, — 0.41. There-
fore, the normalized contact area At is

A= ::‘ (2.06T;

— 0.59T,, + 0.04)7"2, 4)
0

where Ag = ]TD(z). T, affects the fitting equation of D, with 7,
such that a higher T, leads to a larger «.

In Fig. 6(b), we plot the normalized contact time 7., versus
T,y for NTS with different We. The fitting equation of 7 as a
function Ty, is

fo = 1.287,%™8, 3)

It can be seen that 7 is negatively dependent on T;,, and the
order of magnitude of corresponding 7. is 10~
Substituting Eqs. (3), (4), and (5) to Eq. (1), we have

— BITW—3.12 +B2Tw—4.12 +B3Tw—5t12 +B4Tw_612, (6)

where /i, = ’"—b is the normalized vaporization mass of the lig-

uid, in Wthh mo = 671D0,0] is the initial mass of the droplet,

Bl = Lkla
B, = 4.23x 10710 (ks cp.1 To =k cp Toa—rhncp 1 To@)—3.72x 1010 (ks cp 1 Tob-+ b Tob— whncplro)
- Lkla
Bx— 1.06x 100 (k: .1 Tob+ ¥ ey Tob—r hncy 1 To)—1.25x 10~ (ks 1 To — ki cpa Toa— Y g cplTou)
3= Lkla
By — 9.17x 10~ (k" cp1 To—ki cpa Toa— W hncp 1 Toa)—7.68 x 10~ "2 (kis, cp 1 Tob+r hncp 1 Tob— Y hncp 1 Ty)
=

, and

Lkl a

ki 5 is the thermal conductivity of the liquid at room temperature and atmospheric pressure.

Equation (6) indicates that the vaporization of droplet bot-
tom above the nanotube structure is inversely dependent on
T, which partially explains the attenuated levitation behavior
at a high 7.

2. Vaporization of hemiwicking liquid in nanotubes

During the spread of an impact droplet on NTS, lig-
uid could fill nanotubes through hemiwicking. The liquid in
nanotubes, once vaporized, could contribute to drive film lev-
itation, as well as a liquid central jet. Herein we examine the
process of vaporization of liquid hemiwicking in nanotubes
and its dependence on Ty, by comparing the time scales of
spreading ty,r, hemiwicking in a nanotube #,y,, and complete
vaporization of liquid filling a nanotube 7., .

Amid spread, the time for the film front to reach a nanotube
at a distance r = 2t from the origin of impact is denoted as
fepr, and tgp is ¢ before the droplet lift-off. Once the liquid
front reaches the nanotube, hemiwicking could occur. In the

t

process of hemiwicking, the liquid is acted by capillary force,
viscous force and inertial force. First, a scaling law is used
to analyze the flow in a single nanotube for We = 62. The
capillary force is scaled as 2w ri,o. The viscous force is scaled
as /L]h] 9 where hy is the imbibition height from the nanotube
top surface and we consider the case of full hemiwicking, so
h = h,. 'hl = v}, where v is the velocity of the liquid, and we
assume that v approximately equals to vy (v; & vg). The ratio

of the capillary force to the viscous force is about 2”#”‘;

10°, namely, the capillary force is at the same order of the
viscous force. The inertial force is scaled as V,pjv 5} 3”' , where

~

Va is the interior volume of a nanotube and 3”‘ AL The ratio
of the capillary force to the inertial force is about " ~ 10°.

It can be seen that the capillary force and the viscous force are
two orders of magnitude times higher than the inertial force,
so the inertial force can be neglected. The rate of hemiwicking
is thus mainly determined by the balance between capil-
lary force as the driving force, and the viscous force as the
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resistance. This force balance gives t ~ (hl2 w)/ (4 rino) [49],
and by replacing s with the height of a nanotube A, we obtain
the time scale of full hemiwicking ty, ~ (hﬁ w)/@rryo).
Figure 4(a) shows that z, is at the order of 10~* s at We = 62.
thw is scaled as 1077 s, and it is orders of magnitude smaller
than #,,,, suggesting that the full hemiwicking of a nanotube
is completed instantaneously right after the arrival of the film
front.

The time scale of vaporization of liquid filling a nanotube,
fey, can be evaluated by the relation that the latent heat of
vaporization is mainly from the heat conduction through the
nanotube wall, so the vaporization rate 71 is expressed as

0 ki ATr,

L*h,
in which k7 is the effective thermal conductivity of the vapor
and nanotube, AT =T, — T, L* the effective latent heat

of vaporization, and A, is the instantaneous height of vapor
in a nanotube. The expression of &k [47] and L* [50] are,

respectively,
e L Cco s S

) (N

and

L*=L+ cP,I—Tw T
2

where k, is the thermal conductivity of vapor.

According to Eq. (6), m is inversely proportional to the
vapor thickness £,. The mass of liquid immersed in a nanotube
is m, = plﬁanriznhn, where py, is the liquid density at P, and
the room temperature. At h, = h,/2 for instance, the corre-
sponding vaporizationrate m = (2k;, AT 7 rizn) /(L*hy), and ty
at this rate is

€))

My _ pl,ahﬁL*. (10)
m 2k AT

With T, increasing from 170°C to 240°C, the order of
magnitude of 7., decreases from 10~° s to 1077 s. Herein the
cases for T, higher than 240°C are not analyzed since the
corresponding physical properties of ethanol are unattainable.
But still it is rational to presume that z., would decrease further
as T,, keeps increasing.

thw 1s an order of magnitude smaller than 7, at a low T,
while they are at the same order of magnitude at a high Ty.
It demonstrates that at a lower Ty, hemiwicking could be
largely finished ahead of vaporization, while at higher Ty,
vaporization could occur simultaneously with hemiwicking.
The reduced f., at a higher T, is evidenced by the experi-
mental observation of peripheral jets of droplet contact area
exclusively on NTS. As shown in the inset of Fig. 7, small jets
around the periphery of the contact area along with spreading
are observed on NTS, which are caused by the vapor escape
produced by hemiwicking liquid. Figure 7 shows that the time
when the jets first appear #,; is in the order of 107> ~ 107 s,
which is approximately two orders of magnitude higher than
tey. The commence of peripheral jets could reflect the flow
of a massive vaporization of liquid immersed in nanotubes.
Most importantly, #,; decreases upon increasing T, namely,
peripheral jets emerge earlier at a higher T,. A higher T

tev -

2.54 O We=33 | 1

O We=62
204 .. A We =113] |
L 151 -
1.0- .
o] il e

T T T T T T T T T
220 230 240 250 260
T, (°C)

FIG. 7. The time at the beginning of peripheral jets, 7, as a
function of T,, at We of 33, 62, and 113. The inset images shows
the droplet with peripheral jets.

indicates a higher m and a shorter #.,, so peripheral jets are
brought in advance.

It is found that the relative rate of droplet spreading and
vaporization of hemiwicking liquid is critical to droplet levi-
tation as well as central jet. Figure 8(a) demonstrates r = %
VETSUS Zpr, the liquid contact front along with spreading to the
time, at various Ty, and We = 113. The curve of r = % has an
intersection with r,; when peripheral jets occur, and the corre-
sponding time is #,;. Surprisingly, #,; almost coincides with the
end of t,, which is 7. for most T,,, meaning that peripheral
jets happen almost simultaneously with the beginning of film
levitation. It implies that the vaporization of hemiwicking
liquid could be the dominant reason for film levitation, and
its dependence on T,, could be largely responsible for the
impaired film levitation at a high T,,. Figure 8(b) shows the
dependence of rp,; on Ty, for various We. ry; is substantially
reduced at a high Ty, namely, peripheral jets emerging at a
lower extent of spreading at a high T,,, while increasing We
can enhance ry;.

It is shown that a high T}, could lead to simultaneous occur-
rence of hemiwicking and vaporization, resulting in a smaller
quantity of hemiwicking liquid to be vaporized. Moreover, at a
high T, peripheral jets not only emerge earlier, but become so
drastic that prevent further contact of droplet with the surface.
The smaller contact area at the time of separation between the
droplet and NTS can also lead to a smaller quantity of vapor
in total. Moreover, after peripheral jets the remaining vapor in
the nanotubes within the contact area is presumed to act as air
pockets which are able to resist further liquid hemiwicking for
a while, as evidenced by the fact that film levitation is barely
discernible till the completion of peripheral jets and central
jet at a high T5,. In contrast, at a low T, the vaporization rate
is smaller, so peripheral jets appear at a relatively high extent
of spread and are less drastic. The region of hemiwicking is
thus relatively large, and the vapor stream produced enclosed
by the droplet and the surface could have a large action area
which is favored to push the droplet away from the surface as
a film.
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FIG. 8. (a) Contact radius r = % as a function of the spread time
toor With T, at 220, 230, and 240°C. (b) Droplet contact radius at the
commence of peripheral jets, r, as a function of T, with We at 33,
62, and 113. The inset image shows the contact radius r,; of a droplet
at the beginning of peripheral jets.

D. Mechanisms of central jet

Central jet emerges at high T;,. A high T, leads to shorter
vaporization time f.y, hence the vapor stream coming out of
the nanotubes in the central region right below the impact
could bear a high upward velocity. Such a high speed vapor
stream could pierce into the droplet bulk and drive a liquid
jet to form. The maximum top height, Auy.x, and the bottom
diameter, D;, of the central jet as a function of Ty, for various
We are, respectively, plotted in Figs. 9(a) and 9(b). hmax
greatly increases at first, and then decreases by raising Ty.
D;, exhibits a similar trend that it increases gently first and
then decreases rapidly with T,. With an increase in Ty, va-
porization of hemiwicking liquid is accelerated, so the vapor
stream has a higher velocity and could exert a larger upward
pressure at the droplet bottom. A higher T,, would also lead
to a larger number of nanotubes in which the vaporization
is strong enough to contribute to the formation of a central
jet, manifested by the slight increase in D,; for relatively low
T.,. However, keep increasing T, could enable vaporization to
occur simultaneously with hemiwicking, during which the va-

0-0 v T v T v 1 M ] v 1 v
180 200 220 240 260 280 300
T, (°C)

0.7

0.1 T T T T T T T T
210 220 230 240 250 260 270 280 290 300

T, (°C)

FIG. 9. (a) Maximum height of the central jet Ay, as a function
of T,, with We at 33, 62, and 82. The inset image indicates Ayy,x of
a droplet. (b) The diameter of the central jet D as a function of T,
with We at 62, 98, and 113. The inset image indicates D, of a droplet.

por produced could resist upcoming hemiwicking and reduce
the total hemiwicking liquid to be vaporized. Therefore, the
action area of the vapor stream at the droplet bottom could
become smaller, and the driving force led by vapor flow could
be attenuated. These mechanisms collectively determine the
ascending and then descending intensity of the central jet.

1. Force analysis on vapor stream driving central jet

Herein we conduct a force analysis on the vapor stream
produced in the nanotubes within the projected area of the
central jet to interpret the central jet phenomenon and its
dependence of Ty,. The vapor stream produced from massive
nanotubes is acted upon by different forces at the moment of
escape [see Fig. 10(a)] and when it pierces into the droplet
bulk to form a central jet [Fig. 10(b)]. When the vapor in a
nanotube is about to escape, it is acted upon by the driving
force due to vapor volume expansion and capillary resistance
due to the three-phase line forming at the interior wall of the
nanotube. Moreover, since the droplet does not fully spread at
the commence of central jet [see Figs. 2(c) and 2(d)], the vapor
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FIG. 10. Schematic diagram of the forces acting on the vapor
stream (a) at the beginning of escape from nanotubes, and (b) when
it pierces into the droplet to initiate a central jet for the central jet
levitation (CJL) or central jet (CJ) regime. (c) The ratio of the central
jet radius to the droplet central height at the commence of central jet,

;‘;’b , versus the surface temperature 7,, with We at 62, 98, and 113.
o

stream is also against by the droplet impact inertia. Lastly,
once the vapor stream flows into the droplet bulk, whether a
central jet would be formed is determined by that if the vapor
stream is able to go through the instantaneous droplet height
[see Fig. 10(b)]. Herein we analyze the competitions between
the vapor driving force and the various resistances to probe
the mechanism of central jet.

We made a number of assumptions that simplify the
problem but could result in a deviation from the actual out-
come. The first assumption is that the nanotube within the
projected area of the central jet is fully filled with liquid
through hemiwicking. The second one is that the vaporiza-
tion is completed before its escape. Both the assumptions
would lead to an over-estimation of the actual vapor pres-
sure. These two assumptions allow us to obtain the vapor
pressure P, at the moment of escape from the nanotubes.
The ethanol liquid is assumed to reach the saturation state
corresponding to the atmospheric pressure during its hemi-
wicking before the vaporization is initiated, so the liquid
density p; = 736.83kg/m>. According to mass conservation,
the liquid mass filling a nanotube equals to the mass of vapor
confined in the same nanotube before its escape, so the vapor
density p, is the same with p;. By approximating the vapor
temperature 7, to the surface temperature Ty, we can obtain
P, and viscosity w, of the vapor at the commence of escape
by checking the NIST database, which shows that the vapor is
at a superheated state.

60 T T T T T T T T T v ' N '
(a)
st N
t” /, \\\
40' ///’ — \;\ T
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= - N AN
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FIG. 11. (a) The driving force of the vapor stream F,,. as a
function of the surface temperature 7, with We at 62, 98, and 113,
and (b) the cross-sectional area of the vapor stream A and the vapor
pressure P, at the vapor escape from a nanotube.

By acquiring P,, we can obtain the driving force of vapor
in a single nanotube as F, , = P, rizn. Herein the vapor stream
is seen converged by massive vapor columns produced in
nanotubes in the projected area of the central jet. Since there
are around &

out

nanotubes in the projected area of the central

2
Tgb 2
= ri, Py, where

out

jet, the total driving force Fy . = A P, &~

2
Ve . .

Ay~ :;—‘“nrizn is the cross-sectional area of the vapor stream,
out

and 7y ~ % is the radius of the vapor stream which is
regarded approximately to the bottom radius of the central
jet. Figure 11(a) shows F, . as a function of T, at three We.
F, . increases first and then decreases, which is resulting from
the collective effects of the dependencies of A and P, on
Ty. As demonstrated in Fig. 11(b), A increases at first and
then decreases upon increasing 7Ty,, while P, increases with Ty,
indicating that A;j plays the main role in the variation of F; ¢
with Ty,. At a relatively low Ty, A and P, together enable
the increase of the vapor driving force, while at a high T,
for the same increment of Ty, the reciprocal of the declining
multiplier of A is greater than the increasing multiplier of
Py, so the vapor driving force begins to descend with T,. It is
speculated that F;, . would be too small to initiate a central jet
eventually if 7, were keep rising. In addition, by increasing
We, the turning point of F, . is postponed and elevated. As
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shown in Fig. 9(b), the diameter of the central jet D,; is larger
at a higher We, implying a larger cross-sectional area of the
vapor stream, so the Leidenfrost point would be postponed at
a higher We.

First, we compare the order of magnitudes of the driv-
ing force of vapor and the capillary force at the instant
escape from nanotubes. Figure 10(a) schematically shows the
two forces acting on the vapor stream at the beginning of es-
cape from nanotubes. At the onset of escape, the liquid-vapor
interface formed by the vapor and liquid is in contact with
the upper inner edge of the nanotube, namely the capillary
force acting upon the vapor stream is generated. Therefore,
the vapor stream is acted upon by the driving force F, . and
the capillary force Feypve. The capillary force for a single
nanotube is Feypn = 27730, and the total capillary force for

r:é:’ 2710 pfapc = 4 ~ 107,
so the effect of the capillary force be neglected.

Second, we compare the order of magnitudes of vapor
driving force and droplet inertia on the vapor stream. When
the droplet impacts onto the surface, the dynamic pressure Py
and the water hammer pressure P,y are induced due to the
inertia of the droplet. Py = 0.5 plvl2 and Py, = pvsvg, where

vs is the speed of sound in ethanol [51]. At We = 62, PPL:‘ =

2;#'2’0 ~ 10, so Py can be neglected. Therefore, the resistance
1

the vapor stream is Feyp ve &

due to the inertia of the droplet is Fipe vc = Whnrczj_b. It is
worth to notice that Fi,e v obtained from this equation is the
maximum since it is calculated by using the droplet impact ve-
locity vg. After the impact, the downward flow velocity of the
upper droplet decays with time substantially, so Fiye vc decays
with time. By taking the case T, = 220°C and We = 62 as
an example, at the moment of vapor escape from nanotubes,
% = r;,::ﬁ ~ 102, so the effect of the droplet inertia can
be neglected as well.

Third, as illustrated in Fig. 10(b), as the vapor stream
pierces into the droplet bulk, it is driven by F, . while mainly
against by the viscous force Fyjs yc. At the moment when the
vapor stream reaches the droplet apex to initiate a central
jet, the corresponding Reynolds number of the vapor stream

2py Uy Iy

can be expressed as Re, = —v’, where py, Wy, and v, are
corresponding to the vapor state at the beginning of central jet.
vy 1s calculated based on P, = % pvv3 in which P, also corre-
sponds to the vapor pressure at the beginning of central jet.
Re, is at the order of 107 with T}, at 220°C and We at 62 as an
example, so the vapor flow can be approximated as a turbulent
flow. The velocity of a turbulent flow is resemblance to a plug
flow such that the velocity profile is uniform while exhibits a
steep decline near the wall [52-54]. Due to the fact that we are
unable to obtain such a velocity profile, it is difficult to obtain
the viscous stress at the liquid-vapor interface. But we could
refer to the liquid-vapor friction factor f; of an annular flow to
estimate the viscous force at the liquid-vapor interface of the
central jet.

The Weber number of the vapor stream at the beginning of
a central jet is We, ~ %Z'Dq' ~ 10*, where Py, 0, and vy cor-
responds to the beginning of a central jet. For the liquid phase,
its velocity is approximated as thezinitial moving velocity of

p1vf D

the central jet such that We; & — 102, where v, is the

averaged velocity of the central jet over the first 0.14 ms from
its beginning of formation. It was observed in the experiment
that most central jets were fractured or pierced by the vapor
stream, implying that v, is much higher than v;. If we apply
the identification of the two-phase flow regime, the two Weber
numbers suggest an annular flow [55], and the corresponding
interfacial friction factor at the vapor-liquid interface can be
expressed as f; = 0.005[1 + 3008/D.;], where § is the film
thickness of the liquid phase [56]. To simplify the analysis, we
assume that the film thickness of the liquid is extremely thin
such that it is nearly 0, so we obtain the minimum f;. Com-
bining fi = 21;/ (,ovvg) and F yc & 2w rphyTi, we obtain
the expression of the viscous force Fis ve & 7 7cj-phve fiov v%,
where t; is the shear stress at the vapor-liquid interface and
hy. is the distance traveled by the vapor stream in the droplet.

Fove _ (1 2 Tej-b
Fisyve (2 2 fi )(hdfcj ), and a

central jet would be formed if this ratio is higher than unity
when the vapor moving distance /. reaches the instantaneous

droplet central height hy_;. This relation gives (%) > 0.02,
"

implying a criterion for the emergence of a central jet phe-
nomenon in respect to the relation between the central jet
radius and the instantaneous droplet central height when the

vapor flow reaches the droplet apex. The ratio (;Zj"f ) measured
-

from the experiment for various 7, and We are plotted in
Fig. 10(c). It can be seen that all the values are greater than

the predicted threshold of (,:dj’b ), and the minimum measured
—j

value is 0.06 which is at the same order of magnitude, con-

firming the rationality of the theoretical analysis. Moreover,
2

Fyve 1 Tin Tejb . .

ya (Ergmﬁ )( h:,q) reflects the intensity of the

central jet, and its variation with 7, should be similar to that

of (%5) such that it increases first and then decreases with
"

an increase in Ty,. This trend resembles to that of Fy ., again

confirming the major role of the cross-sectional area of a vapor
stream in determining the central jet behavior.

The ratio of Fy ¢ to Fiis vc 1S

the ratio

is,ve

2. Energy analysis on central jet

Here we conduct an energy analysis on the impact process
to further probe the interplay of vapor and droplet dynamics
and how it is affected by T;,. The vapor produced upon droplet
impact onto NTS has a high kinetic energy that gives rise
to the droplet levitation and liquid central jet. Such kinetic
energy can be divided to two parts. One is the kinetic energy
Ex ) of vapor produced by hemiwicking liquid in the central
contact area. It mainly enables the motion of the central jet,
and is comprised of the kinetic energy Ex ., the potential
energy change AE,, the surface energy change AE, and the
viscous dissipation Eyj; of the central jet, and the kinetic
energy Ex ., of the escaping vapor. The other is the kinetic
energy Ex .o of vaporization outside the central region, com-
prised of vaporization of both the droplet bottom layer above
nanotubes and hemiwicking liquid. It contributes to the levita-
tion kinetics, potential energy change, surface energy change
and viscous dissipation of the bulk droplet, and the kinetic
energy of the escaping vapor. Herein the estimation of Ey ,»
could be very complex, and to simply the analysis we solely
examine the energy distribution of Ey ,; and its influence on
the overall droplet dynamics.
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FIG. 12. The initial and end moments, and the simplified geom-
etry of the central jet in (a) central jet levitation (CJL) and (b) central
jet (CJ) regimes.

To simplify the calculation of the droplet surface area and
volume, as shown in Fig. 12(a), for CJL regime, the droplet
bulk is treated as a pancake and the central jet as a cylinder.
For CJ regime, the bulk is seen as a combination of a pancake
and a part of a sphere and the central jet as a cylinder, as
shown in Fig. 12(b). The time for the central jet about to form
is indicated as the initial moment #;, and the moment at the
fracture of the central jet is indicated as the end moment #,, at
which a portion of vapor escapes through piercing the central
jet.

Ex v is regarded as the vapor kinetic energy originated
from the vaporization of hemi-wicking liquid in the projected
area of the central jet, and Ex ., = %mvv\%, where m, is the
vapor mass produced by hemiwicking liquid in the projected
area of the central jet. my ~ A¢p1.h,. The energy difference
of the central jet at #; and #, is indicated as AE, and AE =
E, — E\ = Ei ¢ + Evis + AE, + AE,. The kinetic energy is
Eycj = 3m; U3, in which m; is the central jet mass, tj = 2
the arithmetic average velocity of the central jet, and v
is the velocity at the central jet top. The viscous dissipation

2

is By = [ pdVdt ~ ¢Vi(tr — 1), where ¢ ~ ju(52)[57],
in which Aw,; is the velocity difference of the central jet at
t; and 1, h¢j the central jet length, V; = nfczjhcj the volume
of the central jet, 7ej = (¥¢jp + 7ej—)/2 the arithmetic average
radius of the central jet, and 7. is the radius of the central jet
top. The potential energy change is AE, = mjgAh, in which
Ah is the distance between the mass centers of the central jet
and droplet bulk, and g is the gravitational acceleration. The
surface energy change of the central jetis AE; = AAo, where
AA is the change of surface area of the central jet from ¢, to #,.
The kinetic energy taken away by the escaping vapor, Ex y;, is
approximately equivalent to the difference between Ey ,; and
AE, namely, Ex v+ &~ Exv1 — AE.

Here we examine the cases with We = 62 and 82, and
220°C < Ty, < 280°C as examples, and the various types of
energy as functions of Ty, are plotted in Fig. 13. Ey y; increases
and then decreases with T, for both We, and the turning point
is in the vicinity of the transition from the regime of CJL to

E (10%J)

E (105)

T T T T T T T T T T T
220 230 240 250 260 270 280
o
T, (°C)

FIG. 13. The kinetic energy Ex i of the vapor produced by hemi-
wicking liquid in the central projected area of the central jet, the
kinetic energy Ey ., of the escape vapor, the energy difference AE of
the central jet, the kinetic energy Ej . of the central jet, the viscous
dissipation E,;s of the central jet, the surface energy change AE; of

the central jet, and the potential energy change AE, as a function of
the surface temperature 7y, at (a) We = 62 and (b) We = 82.

CJ featuring earlier emergence of peripheral jets. It implies
that the vaporization for film levitation and central jet begin
to be weakened at an analogous Ty, and that vaporization
of hemiwicking should be the dominant mechanism for film
levitation. The trend of Ey ,; resembles that of vapor driving
force Fy yc, indicating again the collective effects of decreas-
ing quantity of vapor while increasing pressure of vapor upon
increasing Ty .

At a relatively low T, Ex v is largely transferred to Ey v,
so the escaping vapor takes away the majority of the vapor
kinetic energy. In the regime of CJL corresponding to a low
range of T,,, the droplet is levitated entirely, so a portion of the
vapor produced from the central nanotubes can escape through
the path between the droplet bottom and NTS, resulting in
the large Ex .. Upon increasing Ty, both Ex ,, and Ej ,; are
reduced significantly, meanwhile Ey ; and its fraction in Ey v
are both increased. In the regime of CJ corresponding to a high
range of Ty, film levitation does not occur, thus the vapor pro-
duced from the central nanotubes can solely escape through
piercing the central jet. As a result, Ey , becomes smaller,
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but still dominates the dissipation of Ey ;. Ey ¢, the kinetic
energy of the central jet, increases to become an important
dissipation of Ey ;. The latter descending trend of Ej ; at high
Ty, is attributed to the decreasing total vapor kinetic energy. In
addition, Ey;;, AE, and AE; are several orders of magnitude
smaller than E ,, and Ey j, and they barely fluctuate with
Ty, so the curves of Ey . and AE are almost overlapped, as
demonstrated in Fig. 13.

IV. CONCLUSIONS

We experimentally investigated the collective effects of
surface temperature and surface nanotubes on the thermody-
namics of an ethanol droplet. Five distinct regimes of impact
droplet were observed, among which the regimes of film
levitation, central jet levitation, and central jet were found
induced by surface nanotubes. These regimes mainly fea-
tured in levitation of the droplet bulk and/or the liquid jet
at the droplet center. Film levitation was mainly attributed to
the vaporization of hemiwicking liquid in nanotubes of the
contact area, and droplet bottom layer above the nanotube
structure. Such vaporization was negatively dependent on the
surface temperature, which accounted for the attenuated film
levitation upon increasing the surface temperature. The central
jet phenomenon was caused by the vaporization of hemiwick-

ing liquid in the central area upon impact. It was enhanced
while then suppressed by increasing the surface temperature,
resulting from the collective effects of the increased vapor
pressure, and the cross-sectional area of the vapor stream
which increased and then decreased with the surface tem-
perature. The different parts of vaporization interacted and
affected the energy distribution, which in turn modified the
droplet dynamics. Due to the nanotube structures, the Lei-
denfrost point which occurred at 180°C on the plain titanium
surface was increased to 230°C on the nanotube surface at a
low We of 17, while it was increased by at lease 125°C at high
We. This study revealed the mechanisms and characteristics of
an impact droplet on a nanotube surface at superheated con-
ditions. The findings suggested a strategy to enhance the heat
transfer by delaying the Leidenfrost point, and to manipulate
droplet behaviors for droplet-based techniques.
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