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A Leidenfrost drop forms when a volatile liquid is brought in contact with a very hot solid. Then,

a vapor film comes in between the solid and the drop, giving to the latter the appearance of a liquid
pearl. After a brief description of the shape of a Leidenfrost drop, we show that its size cannot
exceed a certain value. Then, we describe the characteristics of the vapor layer on which it floats.
We show how it is related to the drop size, and how both vary with time, as evaporation takes place.
We finally deduce scaling laws for the lifetime of these drops. 2@3 American Institute of
Physics. [DOI: 10.1063/1.1572161

I. INTRODUCTION Il. DROPS SHAPES AND STABILITY

When a drop of liquid is deposited on a hot solid, of  These levitating drops can be considered as nonwetting.
temperature around the boiling temperature of the liquid, theyve call contactthe region where the drop interface is paral-
drop boils and quickly vanishes. But if the solid temperaturele| to the solid surface. If the drop radilsis smaller than
is much higher than the boiling point, the drop is not any-the capillary lengtha (a=\/y/pg, denoting the liquid sur-
more in contact with the solid, but levitates above its ownface tension and density ag and p), the drop is nearly
vapor. Because of the insulating properties of the film, thespherical, except at the bottom where it is flattened. In this
evaporation is rather slow: a millimetric droplet of water on |imit, Mahadevan and Pomeau showed that the sizé the
a metallic surface at 200 °C is observed to float for more thar&ontact is given by a balance between gravity and surface
a whole minute. In addition, the absence of contact betweefbnsiong? Denoting(S as the |0wering of the center of mass,
the liquid and the solid prevents the nucleation of bubbles, sehis balance can dimensionally be writteps~ pgR®. To-

that the drop does not boil but just quietly evaporates. Sucjether with the geometric Hertz relation~+/8R, this
floating drops are calletleidenfrost dropsafter the name of  yje|ds’

the German physician who first reported the phenomenon
around 1750.

As an example, we display in Fig. 1 the lifetimeof a
water drop (radius R=1 mm) deposited on a duralumin
plate, as a function of the plate temperatlir@elow 100 °C,  This relation was checked experimentally with nonwetting
rdecreases to reach typically 200 ms at 100 °C. At this pointiquid marbles® Drops larger than the capillary length form
the drop is boiling at once after touching the surface. When
heating the plate between 100 and 150 °C, the droplet life-
time dramatically increases, typically by a factor 500, which

A~R?/a. 1

100

can be associated with the formation of an insulating vapor « (s) i ;
layer below the drop. This sharp maximum defines the 0t W
Leidenfrost temperature® At larger temperatures; slowly 60 . sy,
decreases, passing from 100 s at 150 °C to 40 s at 350 °C. 40 [ baga, s,

The existence and the characterization of the Leidenfrost 20 A R 4
temperature has been widely investigatetllt depends on : A, l
the solid roughnesspn the purity of the liquifl (which can 0 l M

0 100 200 300 400

also affect the lifetime of the drép and even on the way the
liquid is deposited. We focus here on other aspects of the T (°O)
Lelqenfrc.)St phenomenon’ such as the sh.ape of the drOpErG. 1. Lifetime 7 of a millimetric water droplet of radiuR=1 mm, as a
their ability to evaporate, and the characteristics of the vapOgnction of the temperature of the Duralumin plate on which it is depos-
layer. ited.

1070-6631/2003/15(6)/1632/6/$20.00 1632 © 2003 American Institute of Physics



Phys. Fluids, Vol. 15, No. 6, June 2003 Leidenfrost drops 1633

12
R, (mm) 10

SN AR ®
—T T

— ’ . h (mm)
3 mm

FIG. 4. Largest possible radil,. of a Leidenfrost puddle without bubbling,
as a function of its height. The data are obtained with different fluids> )
) - liquid nitrogen, (A) acetone(X) ethanol,(J) water—ethanol mixtures of
FIG. 2. Large water droplet deposited on a silicon surface at 200 °C. | 4rious compositions(O) watef] deposited on a duralumin plate at
=300 °C. For drops of radiuR larger thanR., bubbles such as photo-
graphed in Fig. 3 are observed.
puddles flattened by gravity, as it can be observed in Fig. 2,

and the contact becomes of the order of the puddle radius

(A~R). _ o _ z=€(1+ coskr), with ek<1 andr the radial coordinate. The
The thicknes# of this puddle is given by balancing the smallest cost in surface energy being achieved for a single
surface tensiori2y, per unit length, taking into account the bump centered im=0, we choose a wave vectér= m/R.
upper and the lower interfagavith the hydrostatic force  Considering capillary and gravitational effects, the difference
(pgh?/2, also written per unit lengih This yields of pressureA P between the center and the edge of the drop
— for two pointsA and B at the same level iIAP=P,—P
h=2a. 2 o A TB
o =2pge[1—3(ak)?/2]. The perturbation increases for posi-
The temperature inside the water dIOP was measured anhe values of AP and is stabilized for negative ones. The
found to be constant and equal to88°C. This implies &  yreshold of the instability is thus faxP=0, which leads to
density p=960 kg/m? and a surface tensiop=59 mN/m, 5 ¢itical radiusR,=3.84a. Using Eq.(2), we can express

and thus a capillary lengtta=2.5mm. For Leidenfrost g quantity as a function of the puddle height:
puddles such as in Fig. 2 or larger, we measured

h=5.1mm, in good agreement with E®). Rc.=1.9. ()

Up to now, the shape of these static drops was found terijgure 4 shows the largest raditlR, observed without
be characteristic of a situation of nonwetting, close to whahypples as a function of the puddle height, also measured.
can be obtained on superhydrophobic solids. But as an origpjfferent liquids were used in order to vary the capillary
nal property, it is observed that the radiBs(and thus the |ength, and thus the height. In particular, the thinner puddles
volume 27R*a) of a Leidenfrost drop is bounded, by a were obtained with liquid nitrogen and oxygen. The variation

value of the order of 1 cnfcorresponding to about 1 ¢for s indeed linear, and the slope found to be 2, in close agree-
the volume. If it is larger, a bubble of vapofor possibly  ment with Eq.(3).

several ones, for very large puddleses at the center of the
drop ar_1d b_ursts when reaching the upper interface, as r . THE VAPOR LAYER: STATIONARY STATES
ported in Fig. 3.

We interpret this effect as a Rayleigh—Taylor We now investigate the characteristics of the vapor layer
instability'* of the lower interface. The vapor film tends to supporting the drop. In order to measure its thickness, we
rise because of Archimedes’ thrust, but this implies a deforused the diffraction of a He—Ne laser beam by the slot made
mation of the lower interface, which the surface tension op-by the interval between the liquid and the salkig. 5). We
poses. Thus, we expect the maximum size of the drop toecorded the diffraction patteiithe distanceX between two
scale asa, the capillary length. Classically, the instability = maxima is about 1 cm on the screen and three to ten maxima
threshold can be determined by looking at the evolutioncan be observgdand thus could deduce the film thickness
of a small sinusoidal perturbation of the lower interfacewhich was found to be in the range 10-106M.

FIG. 3. Large puddles of water on a slightly concave
Duralumin plate at 300 °C, seen from above. According
to the puddle size, one or several bubbles rise and burst
at the upper surface. The bars respectively indicate 0.5
and 1 cm.
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FIG. 7. Thickness of the vapor layer below a water dfdpposited on a
duralumin plate at 300 °C and fed with water as sketched in Figa$ a
function of the drop radiuR. Ris varied by changing the feeding rate of the
FIG. 5. Experimental setup to measure the thickness of the vapor layer. Thgrop. The thin lines successively indicate the slopes 1.3 and 0.5. A kink is
photograph on the right shows a typical diffraction pattern, from which thegpserved around the capillary lengik 2.5 mm.

thickness of the vapor film can be deduced.

_ Since a Leidenfrost drop evaporates, the film thickness ighg hea( brought to the liquid per unit time is proportional
likely to vary with time. We first tried to characterize station- +, the surface arear\2 of the contact zone. to the thermal

ary states. Thus, we looked at the situation where the dropgnqyctivity of the vapor, and to the temperature gradient
was constantly fed with the liquid, at a prescribed 1&®.  A1/e_ Introducing the latent heat of evaporatibnwe get

6). ) o ) _ for the rate of evaporati&n
In such an experiment, fixing the feeding rate determines
the drop radius: the higher the rate, the larger the deoyl dm kAT
above a threshold in rate, we find again the instability de- ——=——m\?. (4)

scribed in Sec. )l Moreover, this experiment provides a di-
rect measurement of the evaporating rate, for a given drop

radius. of vapor outside the lay@rThe lubrication approximation

For each rate, we measured the film thicknessnd .
. ) . . can be used because of the small thickness of the vapor layer,
observed that it was indeed constant as a function of time,

. : . . A as shown in Fig. 7. Thus, the flow rate scalee3sP/ 7\,
But it does vary with the drop radius, as displayed in Fig. 7. . .
The error bars in Fig. 7 are smadif the order of the symbol denoting as\P the pressure imposed by the drop apthe

g_as viscosity(SinceAP=pgh is of the order of 10 Pa, the

i:ze?nsbecause each point is an average on 30-50 EXPETEssociated density variatiorip/p are of the order of 10*

The thickness of the vapor layer is much smaller than th and can be neglectgdntegrated over the contact, and writ-

drop radius ¢/R<0.02), and increases with it. Two distinct fen as a mass per unit time, it givéa absolute value
regimes are observed, with a transition around the capillary dm
length (2.5 mm for water at 100 °C Although the range of
observation is quite smaland cannot be made larger for big
puddles, as shown earljescaling laws are observed, giving
as successive exponents 12510 and 0.5&:0.05.

In this stationary regime, the vapor film is supplied by
the evaporation of the drop, but flows because of the dro@
weight. Both corresponding flow rates can be evaluated.

Second, the drop weight induces a radial Poiseuille flow

2me’

at Py, AP ©
wherep, is the vapor density.

In a permanent regime, the mass of the vapor film re-
ains constant. Thus, we can deduce from Edsand (5)
e film thickness. For puddlefREa), the contact and the

First, the heat from the plate is diffused across the vapoferp radius are comparabla {R) and the pressure acting

layer. We denoteAT as the difference between the plate on the film is 2ga [Eq. (2)]. This yields®**
temperature and the boiling temperature of the liquid. As
stressed earlier, we checked that the water drop is indeed at
100 °C. We measured with a thermocouple the plate tempera-
ture as well, and thus determinédl for each experiment.

1/4

3kAT
e=( 71 R 6)

4Lp,pga

For small drops R<<a), we could use a similar argu-
ment: the contact is now given by E@) (A\~R?/a) and the
pressureAP acting on the film is the Laplace pressure,

< 4 namely 2y/R. We would thus deduce thatvaries asR>*
€ | But for very small drops, we expect that the film plays a
C ) minor role in the evaporation process, since its surface area
l . T | vanishes dramaticalf,as R* [as deduced from Eq(1)].

Then, the temperature gradient should be of the order of
AT/R, and the evaporation process take place over the

FIG. 6. Feeding a Leidenfrost drop at a constant rate provides a stationary 2 . .
state, where the drop radi@and the vapor film thicknessare observed o Whole drop surfacé®®. This gives, for the rate of evapora-

be constant. tion,
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o. FIG. 8. Comparison between the measured rate of
evaporation(given by the feeding rate of the drop, as
sketched in Fig. pand the rate of evaporation in the
film predicted by Eq(4). We denoteS as the ratio be-
tween both these rates, and plot it as a function of the
drop radiusR, for the same experimental conditions as
o in Fig. 7. For large dropsR>a), we observes=1: the
drop mainly evaporates via the film, whiis larger

0.5 4 than 1 for smaller drops. Then, the data are fitted by the
dotted line, which consider the evaporation on the
whole surface, as described in E@).
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dm « AT limit]. On the whole, we thus confirm with this experiment
a9t L ?R . (7) the existence of a global evaporation in the regime of small

drops, which justifies the assumption used to derive(Bg.
This rate is larger than the one given by E4) if Ris

2 1/3 - . arge .
smaller than &“e) Sie, practlcally for drops millimetric or IV. EVAPORATING DROPS
less. The proportion of vapor which feeds the vapor layer

scales as the surface area ratféR?. Using Eq.(5), the film A Leidenfrost drop is usually not fed, and it is natural to
thickness can finally be deduced: follow its radius as a function of tim&/'!® Such a plot is

13 displayed in Fig. 9, for two plate temperatures. Here the

e~( kAT npg RY3 ®) experiment is the following: a centimetric drop of water is

Lp,y? ' first gently deposited on a hot duralumin plate, trapped

on the whole. the film thick is found o | within a copper annulus and filmed from above.
n the whole, the Tiim {nICkNess IS Tound 1o Increaseé mono- o drop radius regularly decreases, except at the end

tonically V\.'ith the drop radius_, but differently according to when the drop becomes quasi-sphejic@hen the variation
the drop size. The corresponding scaling laws are found to b ecomes quicker, as reported earlié® Note also that the

in good agreement with the observations reported in Fig. 7evaporation is faster if increasing the plate temperature,

These models depend crucially on the way the I|qu_|d 'Swhich leads to a smaller lifetime, as already noted in Fig. 1.
evaporatec(_by th_e sqrface or by the f'l.lm But the experi- e saw in Sec. lll that the radius and the film thickness are
ment descrlb'ed n F_|g. 6 provides a direct measurement q\ﬁiely to be related to each other, which suggests that the film
the evaporation, which is equal to timeasureli feeding thickness could also vary with time. We measured the film

Lattedrrthtr,]'for ? glV((ajnthdrop siz€. (;Nei %eSO&aS t::e rat||(|) thickness as the drop evaporat€sy. 10, and found that it
etween this rate and the one predicted by @j.where a decreases as a function of time, confirming an earlier quali-
the parameters are known or measured: we take,fgr and

(here 200°Q, which yields: k=0.032 W/m/K, n=1.63
x 10" % Pas, angh=0.5 kg/n?. The value of the latent heht
at 100 °C is 2.26& 10° J/kg. In Fig. 8, the numbeSis plotted
as a function of the drop radius.

It is found that above the capillary lengthuddles, the
drop indeed evaporates mainly via the vapor filB=(1),
which justifies our hypothesis for establishing E@). But it
is not the case for smaller drops: in Fig. 8, we obse®ve

(which moves constantly and possibly vibrategloreover,
both the contact zone and the film thickness become very
small as the drop vanishes, which limits the diffracted inten-
sity. As a matter of fact, only one or two maxima can then be
obtained in the diffraction pattern.

exceeds 1 foR smaller thara, and all the more sincRis R (mm§2 300°C
small. This deviation was expected from our discussion 380°C
above, where we assumed that the evaporation of small

drops was likely to occur on the whole surface, rather than 6

mainly in the film. To be more precise, we drew in Fig. 8 4 7

with dotted lines the value of expected if taking Eq(7), 2 A S ‘3%3%‘
instead of Eq.(4), for modeling the evaporation rate. The 0 e

line nicely fit the data, with an adjustable parameter, which is 500
the (unknown coefficient in Eq.(7). The value provided by t(s)

the fit for this numerical coefficient is found to be 1iéhich . . )

. . h FIG. 9. Radius of a water drop deposited on a very hot duralumin plate
reduces 093 by takmg Into ?.CCOUI’]t the geometr'cl fag’“” 4 (either 300 or 380 °f; as a function of time. The drop is filmed from above,
in Eq. (7) for the nearly spherical drops representative in thisand the lines show Ed9).
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100 % % ........ % ------ % ____________ FIG. 10. Time dependence of the thickness of the
%0 - % ‘% o vapor layer below a water drop of initial radius 1 cm
% % ............................ % ] % deposited on a 350 °C duralumin plate. The data can be
60 - % ............................. fitted by a straight line, as predicted by Ed.). If
% extrapolated tae=0, the line provides a lifetime of
407 400+50 s.
20 1
0 T . T r )
0 50 100 150 200 250

But we observe quite clearly that the film thickness de-with
creases with time. If extrapolated, the thickness is expected L
to reach zero at a time of the ord€00-350 § of the life- . p_R(z). (13
time of a Leidenfrost drop at this temperature. Thus, as it KAT
evaporates, a Leindenfrost drop not only retracts but alsgquation(12) implies an increase of the speed of retraction
slowly sinks. It disappears when boghand R cancel. close to the time when the drop vanishes, which is in quali-

Our central assumption here is that the radius of theative agreement with the observations. Equatip®) also
evaporating puddle and the thickness of the vapor film argyrovides the lifetime of a Leidenfrost dropleR{<a),
related by Eq.(6) (quasistatic equilibrium Then, we can which is found to be slightly more sensitive to temperature
deduce the time dependence of the radius from(&q.con-  than a puddle, and much more dependent on the size.
sidering that the evaporation is dominated by the vapor film.

Denoting asR, the radius at=0, we find
V. CONCLUSION

t 2
R(t)= Ro( 1- —) 9 A Leidenfrost drop does not wet the hot solid on which it
T is deposited because it floats on a thin film of vapor. It thus
with exhibits the characteristics of nonwetting drops, i.e., a thick-
Apal |34 3\ V4 ness of twice the capillary lengthfor large puddles, and a
r= P (_77) Ré/Z_ (10 quasispherical shape for drops smaller thaexcept a con-
KAT PV tact zone, whose size quickly vanishes as the drop gets

Equation(9) fits quite well the data in Fig. 9, without smaller. Moreover, the vapor film can become unstable for

any adjustable parameter, as long as the drop is a puddkery large drops, and thus the aspect rdtiameter over
(R>a). It also provides a lifetime for these large drops, thicknes$ was found to be limited by a value of order 4.

which is found to decrease asT ~ 4. Together with Eq(6), The thickness of the vapor film was observed to de-
Eq. (9) also allows us to predict the evolution law for the pend on the drop radiug: it increases a®*? for puddies,
thickness of the vapor film. We find and asR*? for drops smaller tham. Because of these rela-
2\ 1/a tions, the drop does not only retract as it evaporates, but it
e(t)= ( M _ E) _ (11) also sinks. The lifetime of a Leidenfrost drop could finally be
4Lp,pga T deduced from the evaporation kinetics. Again, the law for the

lifetime depends on the size of the drop, compared with the
which should vanish as the drops colla® t= 7). Such a capillary Iength.' This is qgite important to stress pecause
dependence agrees well with the observations reported oSt of the available data in the literature were obtained for
Fig. 10, where the slope is found to be0.3+0.1 um/s, millimetric drops, thus in the transmon region.

close to the value deduced from Ed1) (without any ad- Other remarkab_le featur_es of Leidenfrost drops would
justable parametgrwhich isde/dt=—0.21um/s. Besides, deserve more detailed studies. We currently study the dy-

extrapolating tee=0 the data in Fig. 10 provides a timef namics of formation of the film, which sets very rapidly.

400+50 s, there again in good agreement with values exComparing the time of formation of the film with the boiling
trapolated,in Fig. 9, which give400+30 s. time of the drop provides a criterion for the Leidenfrost tem-

For a smaller dropfor a large one at a longer tifeit perature. We are also interested in the spontaneous vibration

was stressed earlier that the evaporation occurs by the whofff these liquid ballswhich deserve the name of Leidenfrost
drop surfacdEq. (7)]. Integrating this equation for a sphere Stars proposed by Mahadevabifferent details on their dy-
yields namics are also worth being reported, as is their very rapid

motion due to their low friction, and their ability to bounce if
thrown on the solidé—a major problem when trying to cool
very hot steel plates, for example.

Hence, we expect a linear variation for the film thickness,

1/2
R(t)= Ro( 1- ;) (12
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