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Abstract

When a drop impinges on a superheated surface, a Leidenfrost vapor layer forms
between the drop and the surface. Transient dynamics of the layer can play a critical role for
cooling in power plants but is not fully understood. Here we successfully visualize transient
dynamics of the layer using ultrafast X-ray imaging. We reveal that a vapor disk with a
homogeneous thickness, developed during drop impact, grows in thickness following the
Fourier law. At a certain thickness (12 £ 2 um in this study) of the vapor disk, ripples generate
at its periphery due to capillary waves, resulting in significant enhancement of drop

vaporization.



I . Introduction

When a liquid drop falls on a very hot cooking pan, drop dancing is frequently
observed on the pan instead of rapid vaporization. The impinging drop on a surface
significantly hotter than the liquid boiling point produces an insulating vapor layer toward the
surface, which keeps the liquid drop from boiling quickly and bounces it back, known as
‘dynamic Leidenfrost phenomenon’ [1-3]. This phenomenon is a bottle neck for spray cooling
in power plants [3] or fuel evaporation in combustion engines [4,5]. However, the transient
dynamics of the vapor layer before the drop bounces back, which plays an essential role in
effective heat transfer, has been largely unexplored [6-14] mostly due to lack of appropriate
visualization methods, despite the observation of the dynamic Leidenfrost phenomenon more
than two hundred years ago [1-3].

To study transient dynamics of the dynamic Leidenfrost phenomenon, it is necessary
to visualize in real time the interface profiles between the liquid drop and the vapor layer. This
is however a challenging task with conventional optical imaging because of substantial
refraction and scattering of visible light [12,15,16]. Interferometry or total internal-reflection
microscopy, although recently being tried [8,11,14], is not appropriate to track the steep and
complex profiles of the liquid-vapor (L-V) interface.

For transient dynamics of the Leidenfrost phenomenon in drop impact, we adopt
ultrafast X-ray imaging that allows to directly visualize the L-V interface profiles in real-time.
We reveal that a vapor disk with a homogeneous thickness, developed during drop impact,
grows in thickness following the Fourier law. At a certain thickness of the vapor disk, ripples
are generated at its periphery due to capillary waves, and their amplitude rapidly increases
while they propagate to the center. Interestingly, rippling enhances drop vaporization rate

significantly.
II. Experiments

To clearly visualize transient dynamics of a Leidenfrost vapor layer during drop impact,
we utilize ultrafast X-ray imaging coupled with a drop impact set-up [17-20] , which allows
in-line projection imaging of both the drop liquid phase and the vapor layer, as schematically
illustrated in Fig. 1(a). Refraction and scattering, which are substantial in optical imaging
[15,16], are negligible in ‘phase contrast X-ray imaging’ as employed here, permitting to very

clearly visualize internal boundaries in fluids [17-20]. The edge-enhanced phase contrast



imaging [17] with s time resolution provides unprecedented visualization of the transient
dynamics in drop impact on a heated substrate, as demonstrated in representative snapshot
images of Fig. 1(b), taken for an ethanol drop at 7 (substrate temperature) = 590 ‘C (> 71
(Leidenfrost temperature) of ethanol, ~ 200 °C [8]) (see Movie 1 [21]).

Ultrafast X-ray imaging in this study was conducted at the 32-ID undulator beamline
of the Advanced Photon Source, Argonne National Laboratory, to achieve the high spatial and
temporal resolution required for this experiment from bright white X-ray beam ( ~ 10!
ph/s/mm?/0.1%bw). The imaging system consists of a fast scintillator (LuAG:Ce, decay time
~ 50 ns) and a mirror coupled to a high-speed camera (Photron Fastcam SA 1.1) via a
microscope objective lens (10x with NA=0.21). The detector system is synchronized to the X-
ray pulses to enable direct visualization of the transient dynamics with the high spatial ( ~ 2
um) and temporal ( ~ 3.68 ps) resolutions, with a 472 ns exposure time for each frame, which
are suited for understanding transient dynamics of the vapor layers. The hard X-ray irradiation
does not significantly affect the properties of liquids in very short exposures ( <300 us) [22].

We employed ethanol, isopropanol, and methanol for liquid drops, mostly due to their
low latent heats (L = 664 ~ 1103 J/g), which facilitate sufficiently thick vapor layers to be easily
captured with X-ray imaging in real-time. Liquid drops were dispensed from a 27G syringe
needle (outer diameter ~ 0.46mm, inner diameter ~ 0.25 mm) at heights from 3.3 to 8 cm
(Weber number (= pDUZ /o) =55~ 130, p, is the liquid density, D is the diameter of the liquid
drop, Uy is the impact velocity, and ¢ is the surface tension of the liquid). The range of the
Weber numbers is appropriate to demonstrate the dynamic Leidenfrost phenomenon because
liquid drops are broken as called drop atomization at the Weber numbers higher than 150. A
laser triggering system was installed to sense the falling drop and to trigger the camera and the
fast shutter to take the images [17-20]. Si wafer (Imm thick) was used as a substrate and heated
by a substrate heater (SU-200-IH, Maivac). The substrate temperature (7y) was measured by a
thermocouple (UNI-T UT325) and controlled within 1% temperature variation from 320 °C to
590 °C, as corresponded with the film boiling regime (7 > 200°C) [8]. Cooling effect of
substrate during the drop impact is negligible because the thermal time scale (1., =

kspsCoh™% = 102s ,where k; is the thermal conductivity of the substrate, ps is the substrate
density, C, is the specific heat of the substrate, and £ is the heat transfer coefficient from the

substrate to the drop) is much larger than the impact time scale (D /U, = 10**s) [8]. The

physical properties of the liquid are not much dependent on the substrate temperature in the



film boiling regime since the temperature of the liquid, in particular, near the liquid-vapor
interface is usually considered constant as the boiling point of the liquid [2].

As demonstrated in Fig. 1(b), taken from the blue dashed box region of Fig. 1(a), a
vapor disk with roughly a homogeneous thickness (yellow dashed box in Fig. 1(b)) is
developed between a liquid layer (white arrow) and the substrate at t = 0.43 ms during drop
impact. Here the time at the impact moment is set to # = 0. The vapor disk continuously grows
in thickness (from 7 = 0.43 to 1.15 ms). Then, interestingly, ripples are generated at the
periphery of the disk (red arrow at # = 1.15 ms in Fig. 1(b)) and propagate to the center while
growing in amplitude (orange arrow heads of Fig. 1(b) and Movie 1[21]), largely deviating
from the well-known disk model [3]. The transient dynamics of the vapor layer is depicted
schematically in Fig. 1(c), which is consistently observed at various temperatures far above 77,

as demonstrated in Fig. 2.
III. Results and Discussion

A. Growth of the vapor disk

The continuous growth of the vapor disk in thickness (Fig. 1(b)) is observed for all
temperatures tested (7y (= 320 °C to 590 °C) > Ti), as demonstrated in Fig. 3(a).
Interestingly, we note that the thicknesses linearly increase with the square root of time until
before rippling, regardless of 7, as seen in Fig. 3(b). The thickness growth rate of a vapor
disk can be expressed by the vaporization rate at the L-V interface (Q,) minus the vapor flow
rate out of the disk edge (Qou) (see Fig. 3(c)) [2]. The vaporization at the interface is mostly
due to heat conduction across the vapor disk because heat transfer by convection or radiation

is negligible for the temperatures far below 1000 °C [2]. Then, O, can be estimated as

kAT

0~ "4 (1)

from the Fourier’s heat conduction law, where £ is the thermal conductivity of the vapor, AT is
the temperature difference between 7 and 7} (boiling temperature of the liquid drop), 4 is the
cross-sectional area of the vapor disk, L is the latent heat of the liquid, and & is the vapor disk
thickness.

Qou can be simply represented by mass transport [13] as

Qout ~ pyD(S Uv (2)



where p,, is the vapor density and U, is the velocity of the vapors flowing out of the disk edge.
For a vapor disk with a very thin thickness compared to its diameter, U, can be estimated using

the lubrication theory [3,13]:

opP 2%u,

or Hv 0z2 (3)

where 7 and z are the coordinates in the radial and vertical directions, respectively. P is the fluid
pressure, which corresponds to the dynamic pressure ( ~p;Uy?) in drop impact, and u, is the
viscosity of the vapor. By taking d,P ~ p,Uy’/D and 0-°U,~ U, /6% [13], we obtain

LY
U, ~ 2% 5 @)

From Egs. (2) and (4), Q,, 1s obtained as

vP UG
Qoue ~ =263 (5)

We calculated Q,,; and Q, using Egs. (1) and (5) for three liquids (ethanol, isopropanol and
methanol), as shown in Table 1. Here, the thickness of the vapor disk (§) was taken as the
largest value (12 X 10° m), measured after its growth till before rippling at the highest
substrate temperature tested (75 = 590 °C). The largest § value corresponds to the cases of the
largest Q,,; and the smallest Q,, by Egs. (1) and (5). It turns out that even the largest Q,,; is
two orders of magnitude smaller than the smallest Q,, for all the three liquids. Thus, Q,,; is
negligible compared to @, in calculating the thickness of the vapor disk. From this, the
thickness of the vapor disk (8) can be finally reduced to

§ = aATO5¢05 (6)

where o is a constant. Eq. (6) is well matched with the time dependence of the thickness
measured for all temperatures in Fig. 3(b). This equation also explains the temperature
dependence of the thickness, as plotted by &/t%° (the slope of each curve in Fig. 3(b)) vs.
AT in Fig. 3(d) . Here the constant o for ethanol is estimated as 4 x107 m/s%3/K">. These
results indicate that the thickness growth rate of the vapor disk until before rippling is governed

by the Fourier law.

B. Rippling of a vapor disk

Ripples start generating around the periphery of a vapor disk at some point (hereafter

called rippling time (#,), = 1.15 ms in Fig. 1(b)) of the disk growth. After the rippling time,



interestingly, the vapor thicknesses ¢ measured (open squares of Fig. 4(a)) become lower than
those estimated by Eq. (6) (dashed line in Fig. 4(a)) and the difference gets bigger over time.
It is noteworthy that the thickness J, (called rippling thickness) at #- is almost invariant with
AT, as shown in Fig. 4(b), measured as 12 = 2 um. In addition, the rippling time ¢, is inversely
proportional to A7, as seen in Fig. 4(c). This is consistent with the invariance of J, with AT
(Fig. 4(b)), as deduced from Eq. (6) (blue dashed line in Fig. 4(c)). Here we note that ¢, is also
invariant with the impact velocity of the drop (Up) (open circles in Fig. 4(d)) while the height
of the liquid layer at ¢- drastically changes (open diamonds in Fig. 4(d)), indicating that the key
parameter in rippling is mostly the thickness of the vapor disk, not the height of the liquid layer.
These results suggest that the initiation of rippling requires the growth of the vapor disk to a

certain thickness, which is 12 =2 pm in this case, regardless of A7 or U (Fig. 4(b) and (d)).

Rippling can be explained by capillary waves that are generated by the competition
between viscosity, inertia, and surface tension for a liquid layer surrounded by another fluid
[23-30]. Conceivably, a free surface is required for initiation of capillary waves [24,25,27-30].
Different from the top air-liquid free interface (magenta arrow head at = 0.77 ms in Fig. 1(b))
of the liquid layer (white arrow in Fig. 1(b)), the bottom L-V interface (green arrow head in
Fig. 1(b)) is not a free surface by the viscous force from the substrate when the vapor disk is
extremely thin. This suggests that sufficient growth of the disk thickness is required for
initiation of capillary waves. In fact, rippling occurs whenever the vapor disk grows to a
thickness of ~12 um (< d. (the boundary layer thickness (~ 36 um)) [13, 24]), regardless of the
substrate temperature (7 : 320°C ~ 590°C) or impact velocity (Up : 0.80 m/s ~ 1.25 m/s). This

indicates that rippling occurs by the initiation of capillary waves.

We note that the rippling at the L-V interface (red arrow at # = 1.15 ms) progresses a
little later than the onset of the capillary waves on the top air-liquid interface (blue arrow at ¢ =
0.77 ms) in Fig. 1(b). The delayed onsets of the capillary waves at the top and the bottom
interfaces were precisely measured from the real-time X-ray snapshots for all substrate
temperatures tested (Fig. 5). As AT increases, the time lag is getting smaller, mostly due to
enhanced vaporization rate at high substrate temperatures.

Now we discuss group velocity of capillary waves that are presumably the origin of
rippling. The general dispersion relation of gravity-capillary waves on the interface between

two fluids is described [29] as

w?= (kg + Ka/py) (7)



where w is the angular frequency of the wave, k (=27/A(wavelength)) is the wave number, and

g is the gravitational acceleration. For very short wavelengths (< mm) as in our drop impact

cases, k > /p;g/o. Then Eq. (7) reduces to
o’ = (Ko/p)) (8)

, which corresponds to the dispersion relation of capillary waves. The phase velocity (U,) and

the group velocity (U,) of capillary waves can be obtained from Eq. (8) as follows.

U=+ = |-k )

3
=2 Sk =2 (10)

The capillary waves of maximal amplification have a phase velocity equal to the impact

velocity of a drop, Up [8]; hence, Eq. (10) is reduced to
U;=1.5U, < U (11)

As seen in Fig. 6(a), the velocities of ripples (red squares), directly measured from real-time
X-ray snapshots, are comparable to the group velocities (blue circles) of capillary waves,
calculated from Eq. (10). In Eq. (10), 4 is the wavelength measured by the distance between
the 1% and 2" peaks of ripples from real-time X-ray snapshots. The measured group velocities
are also linearly proportional to the impact velocity of the drop (U,), consistent with Eq. (11).
In addition, the measured group velocities are invariable to AT (inset of Fig. 6(a)), consistent
with Eq. (10). These results confirm that the origin of rippling is capillary waves generated on
the L-V interface.

The wavelength of capillary waves can be finally driven as follows from Egs. (10) and
(11).

1 o2

p1US

oc We'! (12)

Figure 6(b) shows that the measured wavelengths of ripples are inversely proportional to We,
regardless of AT. This result is well matched with Eq. (12), again supporting that rippling is
due to capillary waves. The low Ohnesorge numbers (Oh = u/\/m ) of the liquid drops tested
in this study (Oh =0.001 ~ 0.004) are also consistent with the propagation condition of capillary
waves in drop impact, Oh < 0.01 [17, 20, 22, 25].



Here we observe similarity of wave properties (such as the group velocities or the
wavelengths) between the two capillary waves along the top air-liquid and the bottom L-V
interfaces, as demonstrated in Fig. 1(b) (z = 4.50 and 5.41 ms) and Movie 1 [21], and as
measured for all impact velocities and temperatures tested (Table 2). This implies that the
capillary waves along the bottom L-V interface be caused by the same Plateau-Rayleigh

instability as in the top interface [27, 30].
C. Rippling and vaporization

Rippling significantly enhances vaporization rate of the drop. As schematically
illustrated in Fig. 7(a), vapors can diffuse from the vapor disk (black arrow) into the rippling
region formed by capillary waves (blue arrow). This explains that the growth rate of the disk
thickness after rippling becomes lower than that estimated by the Fourier law (Eq. (6)) in Fig.
4(a). The lowering in thickness by rippling (Fig. 4(a)) can effectively lead to enhancement of
the vaporization rate at the L-V interface because heat transfer across the vapor disk is inversely
proportional to disk thickness.

Indeed, as shown in Fig. 7(b), the vapor volume (open circles) between the liquid layer
and the substrate, measured from X-ray snapshots, is larger than that (dashed line) estimated
assuming continuous growth of the vapor disk without rippling. Here, the vapor volume V
between the liquid layer and the substrate was simply obtained by adding the volumes of the
vapor disk (Vaisk) and the rippling region (Viippte): V() = Vgisie (£) + Vyippre (), where Viisk(t)
(= R(£)*0m(f)) and Viippie(£) (= 2S(t)x . (t) ; Pappus’s centroid theorem for solid of
revolution) can be obtained by measuring d,(¢) (the subscript m: ‘measured’), R(¢) (the radius
of the vapor disk), S(#) (the cross-sectional area of the rippling region), and x.,,(t) (the
distance from the centroid to the center of mass for the rippling region) from X-ray snapshots.
Meanwhile, the estimated volume of the vapor disk (dashed line in Fig. 7(b)) was simply
obtained using Visk (= mR(2)*6(¢)), where (f) is calculated from Eq. (6) and R(?), which has
nothing to do with rippling, is taken as the measured values from X-ray snapshots. Interestingly,
the enhancement of the vaporization rate by rippling in Fig. 7(b) is greater at higher substrate
temperatures, which is consistent with a larger volume of the rippling region at higher

temperatures (Fig. 2).

D. Growth rate of a vapor disk for different liquids



The growth rate of a vapor disk in thickness until before rippling is governed by the
Fourier law (Eq. (6)) not only for ethanol but also for isopropanol and methanol, as
demonstrated in the linear dependencies of  on t%> (Figs. 3(b), 8(a), and 8(b)) and of §/t%°on
AT%5 (Fig. 8(c)). The constant o, in Eq. (6) can be expressed as o = (k./Lp,)°?, where k, is the
thermal conductivity of the vapor and p,, is the vapor density [2]. Here the 4, value is similar
for the three liquids [31-33]. p, is functions of temperature and pressure if assuming ideal
gas behavior and thus p, at the liquid-vapor interface is not much different for the three
liquids, as seen by not much different boiling points (7} ethanot = 351K, Th methanot = 338K, and T
isopropanol = 355K) and by almost the same vapor pressure corresponding to the dynamic pressure
(~p1Uo?) [2,12,13]. Then, « is mostly dependent on the latent heat L for the three alcohols, as
demonstrated in Fig. 8(d). The solid line is the best fit with allometric scaling for the three

liquids and a can be expressed as a function of L

a(L)="730 x L (13)

in good agreement with a ~ L. Eq. (13) allows one to estimate the thickness of a vapor disk
for liquids with &, and 7} values similar to the three alcohols at arbitrary ¢ and 7. For instance,
the vapor disk thickness for water drop (L = 2260 J/g) with £ = 0.0271 W/m/K and 7, = 373K
is estimated as 6 um at 7= 0.3 ms and 7s= 350 °C using Egs. (6) and (13), which is comparable

with the vapor thickness 3 um, measured by interferometry for the same condition [12].
IV. Conclusion

We have experimentally revealed transient dynamics of a Leidenfrost vapor layer in
drop impact that is unresolvable with optical imaging. Using ultrafast X-ray imaging, we
elucidate that a vapor disk with a homogeneous thickness, developed during drop impact,
grows in thickness following the Fourier law. Notably, rippling occurs, due to capillary waves,
at the periphery of the vapor disk at a certain thickness of the disk (12 + 2 um in ethanol drop)
and ripples are rapidly increased in amplitude while propagated to the center. Rippling
significantly enhances vaporization of liquid drop by effectively reducing the growth rate of
the vapor disk thickness. The transient dynamics can offer substantial insight for further
analytical, numerical and experimental work on the Leidenfrost phenomenon, which can be

greatly helpful for many industrial applications such as fuel combustion or spray cooling.
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Tables

TABLE 1: Calculation of Q,,; and Q, for a vapor disk with a thickness § (12 x 106

m)" and an area A4 (5.0 x 10 m?)” for three different liquid drops [31-33].

Ethanol Isopropanol Methanol

Us (m/s) 0.885

D (m) 40 x 107

AT (K) 512 508 525
k (W/m/K) 0.0227 0.0215 0.0221
pi (kg/m®) 789 786 792
py (kg/m®) 1.603 2.081 1.204

L (/g) 839 664 1103
U, (Pa-s) 1.07 x 10° 0.94 x 10° 1.26 x 107
Qout (/5) 1.7 x 10* 1.1 x 10* 2.5 x 10*
Q,, (g/s) 5.7 x 10 6.8 x 107 43 x 10?

* Here the § value was taken as the largest thickness of a vapor disk grown just before rippling

in an ethanol drop and the 4 value was taken at the area of the vapor disk.




TABLE 2: Group velocities (U;) and wavelengths (1) of the capillary waves at the top air-

liquid and the bottom liquid-vapor interfaces for various substrate temperatures (75) and

impact velocities (Uj).

(1) Up: 0.88 m/s

T,(CC) 320 370 460 510 550 590
Ug(IEIT/:)p) 0.6340.03 | 0.69+0.05 | 0.61+0.04 | 0.65+0.04 | 0.60+0.01 | 0.64+0.05 | 0.59+0.02
Us ((l::/tst;)m) 0.65+0.03 | 0.69+0.05 | 0.63+0.03 | 0.66+0.02 | 0.61+0.01 | 0.65+0.03 | 0.60+0.03
A(glzl)’) 248+7 228+3 254+5 25246 258+10 | 258+10 250+4
A O?:ﬁ‘)’m) 254+8 249+6 253+7 248+3 255+10 243+6 248+3
Q) Ty : 420 °C
Uy (m/s) 0.804 0.885 0.989 1.084 1.171 1.252
Ug(IEIT/:)p) 0.584+0.03 | 0.614£0.04 | 0.65+0.02 | 0.7040.04 | 0.79+0.02 | 0.82+0.02
Us (g:l’/tst;’m) 0.5540.02 | 0.63+£0.03 | 0.65+0.01 | 0.7340.05 | 0.79+0.02 | 0.82+0.02
4 (Top) 382420 25347 22644 17247 146+3 13442
(pm)
A (?:ﬁt))m) 37549 25245 22749 16644 14542 13442
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FIG. 1 (color online). Ultrafast X-ray imaging for a Leidenfrost vapor layer during
drop impact. (a) Schematic of ultrafast X-ray imaging set-up for drop impact. (b) Sequential
X-ray images, taken from the blue dashed box region of a in ethanol drop impact from 4cm-
height on a heated substrate (75 = 590 °C), showing transient dynamics of a vapor layer (Movie
1 [21]). Interfacial boundaries between the drop and the vapor layer are clearly resolved. (¢)
[lustration of the transient dynamics of the vapor layer during drop impact. Here the time at

the impact moment is set to /=0. Scale bar, 100 um long.



FIG. 2 Transient dynamics of the vapor layers. Representative X-ray snap-shot images for
ethanol drops at 4cm-height for different substrate temperatures (7). Ripples are always
generated and propagated to the center while growing in amplitude, as marked by orange arrow

heads, for all substrate temperatures tested. Scale bar, 100 um long.
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FIG. 3 (color online) Growth of the vapor disks for various substrate temperatures (7).
(a) Representative X-ray snap-shot images of the vapor disks for different substrate
temperatures, taken from the blue dashed box region (Fig. 1(a)) in ethanol drop impact from
4cm-height. Scale bar, 100 um long. (b) Vapor disk thickness (J) vs. t%° for various substrate
temperatures (75). The dashed lines, the best linear fitted ones, show that disk thicknesses grow
with t%5 regardless of T. The error bars are s.d. from five to ten sets of the image data. (c)
[lustration of vapor flows through a vapor disk. The thickness growth rate is determined by O,
(vaporization rate at the liquid-vapor interface, red arrows) minus Q.. (vapor flow rate out of
the disk edge, blue arrows). (d) Vapor disk thickness normalized by t%° vs. AT%5 (AT : the
difference between Ty and 7} (the liquid boiling point)). The best fit of the slope is 4x107
m/s" /K.
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FIG. 4 (color online) Vapor disk growth in rippling (a) Vapor disk thickness vs. ¢ in ethanol
drop impact from 4cm-height on a heated substrate (75 = 590 °C). After rippling, the disk
thickness is lower than estimated (black dashed line) by the Fourier law (6 equation : Eq. (6)).
(b) Rippling thickness (J,) is invariant with AT (=T — T»). Dashed line represents the average
value of each data, 12 + 2 um. (¢) Rippling time () is inversely proportional to A7. (d) /. (the
height of the liquid layer, red diamond) and o, (the rippling thickness of the vapor disk, blue
circle) vs. U, (impact velocity) when the ripples are generated. J, is invariant with U, while /.

drastically changes.
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FIG. 5 (color online) Onset of capillary waves. Onsets of two types of capillary waves at the
top air-liquid (red circle) and the bottom liquid-vapor (blue hexagon) interfaces as a function

of AT (= Ty — T»). The onset of capillary waves at the bottom interface is always delayed

compared to that at the top interface and the time lag is getting smaller with AT.
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FIG. 6 (color online) Group velocity and wavelength of capillary waves. (a) Comparison
of the group velocity measured (red squares) to those calculated (blue circles) assuming
capillary waves in ethanol drop impact for various impact velocities (Up =,/2gH, g is
acceleration and A is the impact height). The dashed line is the linear fit of the measured data.
The inset shows the group velocities measured, which are invariant with AT . (b) The
wavelength of the ripples (1), measured as the distance between their 1% and 2"¢ peaks, is
linearly proportional to We! regardless of AT. The error bars are s.d. from the five to ten sets

of the image data. These results suggest that the origin of the rippling is capillary waves.
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Figure 7 (color online) Enhanced vaporization by rippling. (a) Schematic of vapor
diffusion from a vapor disk region into a rippling region. (b) V' (the total vapor volume between
the liquid drop and the substrate) measured (open circle) from the X-ray snapshots and
estimated based on Eq. (6) (dashed line) assuming continuous growth of the vapor disk without
rippling, as a function of time for different 7. After rippling time (#-), the measured volume is

getting bigger than estimated. And the difference is getting larger at higher 7.
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FIG. 8 (color online) Growth of vapor disks for various liquids. (a-b) Vapor disk thickness
vs. t%5 in different T for a isopropanol and b methanol drops, consistently showing linear
growth with t%5 regardless of temperature. Dashed lines are the best linear fittings of the data.
The error bars are s.d. from the five to ten sets of image data. (¢) Vapor disk thickness
normalized by t%> vs. AT for different liquids. « is the slope of &§/t%°vs. AT®>. (d) a vs.
L (latent heat of the liquid drop); the red solid line is the best fit for the three liquids with
allometric scaling : aoc L'042, By extrapolating to water drop (L ~ 2260 J/g; red diamond), the
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