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a b s t r a c t 

Water droplets impinge on a sapphire wall heated to a temperature ranging from 300 ◦C to 700 ◦C. Ad- 

vanced measurement techniques are used to characterize the thermal processes associated with the drop

impact. IR thermography, implemented by coating the impacted surface with an opaque and emissive

material in the IR domain, makes it possible to measure the temperature of the solid surface during the

impact process. Laser-induced fluorescence imaging is used to characterize the temperature field in the

spreading droplet. At the onset of film boiling, the temperature distribution on the solid surface is marked

by the formation of a fingering pattern. This latter corresponds to spatial fluctuations in the thickness of

the vapor film. When a water droplet hits an overheated wall with a significant impact velocity, the

thermal contact is so rapid and intense that the liquid temperature can largely overtake the saturation

temperature and reach the spinodal temperature, i.e. the highest temperature at which water can exist in

the liquid state. In this situation, experiments show that the dynamic Leidenfrost point is directly linked

to the spinodal temperature. A superheating of the liquid by several hundred of ◦C and the subsequent 

homogeneous nucleation, have to be considered to describe the heat transfer in the film boiling regime.
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. Introduction

The impact of liquid droplets on overheated solid surfaces is a

henomenon that is found in many industrial applications, such

s the quenching of metal surfaces in the steel industry, loss-

f-coolant accident (LOCA) in nuclear facilities, direct injection in

iesel and gasoline engines where fuel droplets collide with the

verheated surface of the piston. In many technological processes,

pray cooling is used when it is required to obtain a rapid and

fficient cooling of hot surfaces. However, one of the main chal-

enges is to control the heat flux from the solid surface through

he boiling process. Numerous studies have been motivated to ob-

ain quantitative information, but it is still difficult to obtain the

hysical understanding of the boiling process during the drop im-

act. Quantitative measurements have been constrained by several

ifficulties, including the very fast dynamics of the drop and bub-

le formation, the lack of optical access for observing under the

roplet close to the solid surface. So far, most attention has been

ocused on determining the different boiling regimes and the tran-

ition between them, but relatively little is still known about the

ependence of the heat flux on the physical parameters. 
∗ Corresponding author.

E-mail address: guillaume.castanet@univ-lorraine.fr (G. Castanet).
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When the temperature of the solid surface is higher than the

aturation temperature of the liquid, the phase change due to the

ntense heat transfer radically modifies the droplet impact dy-

amics compared to an isothermal impact [1,2] . Maps of impact

egimes have been established for various surface temperatures

nd impact conditions by authors like Bernardin et al. [3] , Tran

t al. [4] and Bertola [5] . A fairly comprehensive review of the phe-

omena associated with the interaction between a droplet and a

ery hot surface can be found in review papers such as Liang and

udawar [6] . Because of the different phenomena associated with

he boiling (namely drop evaporation, Marangoni related effects,

ucleate boiling, transition boiling, film boiling), the heat flux is

ot a monotonous function of the surface temperature. It is widely

onsidered that its minimum value occurs at the so-called Leiden-

rost point (LFP) which separates two major boiling regimes: the

ransition boiling regime and the film boiling regime. In the boil-

ng film, the droplet sits on a vapor cushion that prevents a direct

ontact with the solid surface. The very low thermal conductivity

f the vapor means that heat transfer is quite low in this regime. In

he transition boiling regime, liquid contact occurs with portions of

he surface, resulting in a significant improvement in heat transfer

ompared to film boiling. 

To predict the LFP, several models and correlations have been

roposed [7,8] . These are based in several hypotheses including a

aylor-like hydrodynamic instability that can disrupt vapor pock-

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120126&domain=pdf
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Nomenclature 

f Acquisition frame or repetition rate [Hz] 

t Time [s] 

T Temperature [ ◦C] 

T cw 

Critical temperature associated with the wetting of 

the solid surface [ ◦C] 

d Droplet diameter [m] 

We Weber number defined by We = ρl Ud /γ
U Drop impact velocity [m/s] 

m Mass of the droplet [kg] 

q Heat flux density [W/m 

2 ] 

L v Latent heat of vaporisation [J/kg] 

Q Heat [J] 

Q vap Heat used for droplet vaporization [J] 

e Thermal effusivity [W.K 

−1 .m 

−2 .s 1/2 ] 

Cp Heat capacity [J/(kg.K)] 

R s Droplet spreading radius [m] 

R w 

Radius of the wetted area [m] 

r Radial distance to the drop center [m] 

N Number of fingers 

u Velocity in the liquid phase [m/s]

LFP Leidenfrost point [ ◦C] 

h l Lamella thickness [m] 

h t Thickness of the thermal boundary layer [m] 

E Liquid disk thickness [m] 

Greek symbols 

μ Dynamic viscosity [Pa.s] 

γ Surface tension [N.m 

−1 ] 

κ Thermal conductivity [W.m 

−1 .K 

−1 ] 

ρ Density [kg/m 

3 ] 

λ Wavelength [m] 

ε Spectral emissivity 

θ Azimuth angle [ ◦] 

ξ Self-similar variable 

Subscripts 

S At the wall surface 

l The liquid phase

v The vapor phase 

w The solid wall 

d Droplet 

sat Saturation condition 

0 Initial condition (before the drop impact) 

spin Spinodal limit 

c Thermal contact 

lv At liquid-vapor interface 

ets, or an explosive boiling caused by homogeneous nucleation.

The maximum attainable temperature to which a liquid can be

heated before it vaporizes spontaneously, can be determined the-

oretically based on thermomechanical stability from the equation

of state such as Van der Waals (the spinodal limit in the domain

of metastable states is T spin = 320.25 ◦C for pure water at one bar,

as calculated with the Wagner and Pruß equation of state [9] ) or

from the kinetic homogeneous nucleation theory (molecular fluc-

tuations occur in such a way to cause a localized decrease in the

liquid density, leading to the formation of vapor embryos) [7,10] .

Therefore, a physical contact between the liquid phase and the

solid surface is only possible if the cooling is strong enough to

have the surface temperature lower than this limit. However to

many authors [7,11] , it is doubtful that a model for homogeneous

nucleation could explain all the experimental observations for the

Leidenfrost transition. For instance, experiments have shown a de-
endence of the LFP on the surface properties [7,12,13] and an in-

rease of the LFP with the impact velocity [4] . But many of the LFP

nvestigations performed so far were rather qualitative or limited

o sessile droplets. 

Recently, Khavari et al. [14] developed an optical method based

n total internal reflection (TIR). The latter allows revealing the

ormation of a fingering pattern in the boiling transition regime

hen applied to impinging ethanol droplets ( Fig. 1 ). The fingers

an be easily distinguished from white spots and pockets observed

t lower surface temperature in the bubbly boiling regime. The

egularity of these fingers is striking and may suggest that a type

f instability controls the number and position of the fingers. The

ature of the instability (Rayleigh-Taylor or Rayleigh-Plateau) is not

he focus of this study. In fact, both can be relevant to some extent

 31 ]. Khavari et al. [14] also pointed out that the Leidenfrost transi-

ion is not an abrupt change between the ’contact-boiling’ regime

haracterized by a violent bubbling, and the film boiling regime

here the droplet never physically touches the solid surface. Their

esults indicate that the wetting area decreases continuously as the

all temperature approaches the LFP. Since heat transfer is mostly

hrough the wetting surface area, a reduction of the wetting con-

act area seems congruent with the general idea of a heat trans-

er reduction when approaching the LFP. However, direct measure-

ents of the heat transfer would supplement these observations

s they will provide quantitative information on the surface tem-

erature and local heat flux, which are key parameters to describe

he boiling. These measurements are also likely to provide data on

he cooling efficiency which could be valuable for cooling appli-

ations. Chaze et al. [15] demonstrated that it is possible to use

R thermography to reconstruct the time and space distribution of

he wall heat flux during the impact of a droplet onto an super-

eated surface. Using this technique, Castanet et al. [16] could de-

ermine the evolution of the vapor film thickness in the film boil-

ng regime for the case of ethanol droplets. In another study, Chaze

t al. [17] made use of the so-called two-color laser-induced fluo-

escence (2cLIF) thermometry to characterize the temperature of

ater droplets in the film boiling regime. In the present study, the

bove-mentioned measurement techniques (IR thermography and

cLIF) is used to characterize the heat transfer in the Leidenfrost

ransition for an impinging water droplet. 

. Experimental set-up and measurement techniques

A syringe is used to produce water drops with a diameter d

f 2.6 mm ( Fig. 2 ). After detachment from the needle of the sy-

inge, the falling water droplets impinges on a sapphire window

25.4 mm in diameter and 5 mm thick) placed on a steel holder

hich is heated by cartridge heaters. In the present study, the ini-

ial temperature of the sapphire is changed between 300 ◦C and

00 ◦C. The impact velocity of the droplet is adjusted by chang-

ng the needle’s height. In the following, the Weber number W e =
l U 

2 
0 d /γ ranges between 17 and 140. Owing to the high thermal

onductivity of sapphire κw 

, the temperature of the solid surface T S 
s uniform and almost equal to the temperature of the steel holder

efore the drop impact. A water-cooled protective plate is required

o prevent the liquid from heating up inside the needle used to

roduce the droplet. 

Temperature measurement and heat flux reconstruction at the

olid surface using IR thermography The temperature of the im-

act surface is characterized by means of an IR camera (FLIR

RION SC70 0 0), which incorporates a cooled InSb detector oper-

ting in the 1.5 to 5.5 μm infrared waveband. The IR camera is

quipped with a high magnification objective allowing a field of

iew of about 7 mm. The beginning of the acquisition by the cam-

ra is triggered by the passage of the droplet across an optical bar-

ier ( Fig. 2 ). The latter consists of a laser diode and a photodiode,



Fig. 1. Three boiling regimes identified by Khavari et al. [14] in the case of an ethanol drop impinging on a NB7 glass substrate ( We = 481). These regimes correspond to 

different wall temperatures: T w 0 = 180 ◦C for bubbly boiling (A), T w 0 = 200 ◦C for fingering boiling (B), T w 0 = 300 ◦C for film boiling (C). For the latter, the thickness of the vapor 

film is large enough so that no evanescent waves can be transmitted to the liquid/vapor interface. This typically occurs for a thickness larger than a few hundreds of nm. All

the inset bars indicate a length scale of 2 mm. Reproduced from Ref. [14] . with permission from The Royal Society of Chemistry.

Fig. 2. The experimental setup.
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Fig. 3. Optical setup used for the visualization of the temperature field at the im- 

pact surface by IR thermography.
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hich are placed opposite each other. When a droplet crosses the

ight beam of the laser diode, a variation in light transmission to

he photodiode can be detected. The system has an electron jitter

f 10 μs, which is very low compared to the duration of the impact

rocess (several ms). Bottom view images of the impacted surface

re recorded thanks to the transparency of the sapphire substrate

n the IR domain below 5 μm ( Fig. 3 ). The top face of the sapphire

indow, where the impacts take place, is coated with a nanolayer

f TiAlN (300 nm in thickness) which is resistant to high tempera-

ure. TiAlN has a high emissivity in the detection band of the cam-

ra ( ε ≈ 0.93). A benefit of this high emissivity is that the radiative

mission from the surface is sufficiently large to have integration

imes of a few tens of μs and a very limited contributions of am-

ient radiations (especially those coming from the heated holder).

he small thickness of the TiAlN coating allows considering that
he temperature measured by IR is the temperature at the upper

urface of the sapphire T S . 

The distribution of the local heat flux at the wall surface q w 

can

e reconstructed from the IR images using the method proposed

y Chaze et al. [15] . Considering an axisymmetric heat conduction

roblem in the sapphire, the transient heat transfer equation in

he cylindrical coordinates can be rewritten using transformations

f Hankel in space and Laplace in time. An inverse heat conduc-

ion problem can be solved using the so-called quadrupole method

18] in order to obtain an analytical relationship between the mea-

ured temperature T S and the heat flux q w 

at the upper surface of

he solid wall, where the drop impact is taking place. In practice, a

indowing of the image is necessary to increase the frame rate of

he IR camera and accurately reconstruct the time variation of the

eat flux. Typically, a window of 160 × 128 pixels, allowing for a

rame rate at 1.25 kfps, is used to estimate the wall heat flux q w 

.

Droplet temperature measurements using 2cLIF thermometry 

he measurements of the droplet temperature reported in this

tudy were obtained using exactly the same method as described

y Chaze et al. [17] . More details concerning the optical setup

nd the selection of temperature-sensitive fluorescent dyes can be

ound in Chaze et al. [17,19] . A pulsed Nd:YAG laser (Quantel Bril-



Fig. 4. Optical detection system used in the 2cLIF imaging technique.
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lant B @532 nm, up to 450 mJ per pulse) is utilized for the excita-

tion of a mixture of two fluorescent dyes, namely sulforhodamine

6 40 (SR6 40) and disodium fluorescein (FL), which are dissolved

into water prior to the drop generation. The fluorescence signal of

FL increases with temperature (about 3%/ ◦C) due to the increase of

its absorption cross section at the laser wavelength [19] . The fluo-

rescent emission of SR640 does not vary with temperature and is

red-shifted by a few tens of nm compared to FL. As displayed in

Fig. 4 , droplets are observed by means of two CCD cameras (Al-

lied Vision Tech Prosilica GT3300 B/C GigE Camera 3296 × 2472,

12 bits, 5.5 μm) each one equipped with an interference filter for

the detection of the fluorescence in the bands indicated in Fig. 4 .

The optical system also includes an objective lens (SIGMA APO

MACRO 150 mm F2.8 EX DG OS HSM and its teleconverter ×2) and

a beamsplitter mounted in front of the cameras. A high pass filter

( λ > 542 nm) is added between the objective lens and the beam-

splitter to eliminate more efficiently the scattered laser light. Cal-

culating the pixel-to-pixel ratio of the images recorded by the two

cameras allows eliminating disturbances affecting the signal inten-

sity. In particular, it eliminates the effect of the droplet deforma-

tion, since the fluorescence signal in the two detection bands is af-

fected almost identically by light scattering at the droplet surface.

Finally, the fluorescence ratio is converted into temperature with

use of a calibration performed apart in a glass cuvette where the

same liquid solution is controlled in temperature. The repetition
Fig. 5. The two optical configurations used to visualize the fluorescence emission
ate of the pulsed laser ( f = 10 Hz) is too low to resolve temporally

he impact process which occurs within a few ms. A time recon-

truction of the heating process is done by shifting the laser pulse

n respect to the detection of the falling droplet by the optical bar-

ier. Two configurations of the optical system are used to visualize

he impacting droplet ( Fig. 5 ). A 45 ◦ tilted mirror is placed under

he sapphire window and its heated holder. It makes it possible

o observe the droplet from below with the cameras, while a side

llumination by the laser is performed ( Fig. 5 a). The same mirror

an also be used to illuminate the droplet from below, while the

ameras are taking side view images of the droplet ( Fig. 5 b). Al-

hough the concentration of both dyes is low ( C FL = 2.10 -4 M and

 SR640 = 0.7 �10 -6 M), an effect of the dye on the surface tension is

ot excluded, but no significant change in the spreading diameter

as observed compared to droplets of pure water [4,20] . 

. Boiling regimes

Depending on this initial wall temperature, two types of pattern

an be evidenced on the IR images as illustrated in Fig. 6 . There are

trong similarities with the TIR images presented by Khavari et al.

14] in the case of ethanol droplets. For T w 0 > 450 ◦C, a fingering

attern can be clearly observed. The boiling regime below 450 ◦C

orresponds to the bubbly boiling regime in Fig. 1 (a). In addition

o the formation of fingers, the transition between the two boiling

regimes is marked by a change in the area of effective heat trans-

er, especially for We = 92. 

.1. Bubbly boiling 

In this situation of transition boiling, the liquid lamella can be

ivided into two regions [21,22] as shown in Fig. 7 (a). A wetting

ontact with the wall is observed at the center (with several nu-

leation spots and bubbles), while the edge of the lamella is lifted

rom the substrate. Due to the vapor layer separating the droplet

nd the solid surface, the heat transfer is much less intense in the

dge region. This is illustrated in Fig. 7 (b) and (c) which shows

easurements of the liquid temperature in the drop T l and the

all heat flux q w 

for We = 92 and T w 0 = 400 ◦C. The lifted edge of

he liquid lamella displays an higher temperature, while the wall

eat flux q w 

is the most intense in the central wetted region. For

e = 92, the radius of the wetted area R w 

(red dotted line) is get-

ing significantly smaller than the spreading radius R s (black dotted

ine) during the impact process. 

For more details, Fig. 8 (a) and (b) present the time evolution of

he liquid temperature in the drop T l , the solid surface temperature
 of the impinging droplet (a: bottom view imaging, b: side view imaging).



Fig. 6. IR images illustrating the change of the thermal footprint of the droplet in the Leidenfrost transition. These images corresponds to a time of about 3 ms after the

beginning of the drop impact and d 0 = 2.6 mm. 

Fig. 7. Illustration of the bubbly boiling regime by a schematic of the spreading

droplet (a) and the distributions of the liquid temperature in the drop (b) and the

wall heat flux (c) characterized experimentally for We = 92 and t = 2 ms. The scale 

bar of 2 mm applies to figures (b) and (c).
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 S and the wall heat flux q w 

for We = 30 and We = 92 at T w 0 = 400 ◦C.

mmediately after the beginning of the impact, the liquid in con-

act with the solid surface becomes superheated. This cannot be

bserved in the 2cLIF images, as the temperature measurements

esult from the integration of the fluorescence signal over the en-

ire thickness of the droplet in the line of sight of the detector. A

hort time after the first contact of the liquid with the wall (typi-

ally a few μs), vapor bubbles appear at multiple nucleation spots

n the solid surface. Vapor bubbles grow and eventually form dry

atches on the wall surface which locally reduces the heat flux.

espite the limited pixel resolution of the IR images, some of these

ry patches or bubbles can be pointed out. They can be also evi-

enced on the LIF images of the liquid temperature where they

orm patches of slightly lower temperature (especially at 1.5 ms

or We = 92 and 2 ms for We = 30). One of the possible explanation

s that the presence of bubbles locally reduce the thickness of the

iquid illuminated by the laser and push superheated liquid away

rom the solid surface, which can make those bubbles somehow

isible on the 2cLIF images. 

During the drop spreading, the liquid lamella breaks up because

f the expansion of several holes. For We = 92, the hole opening oc-
urs at t = 1.5 ms. Multiple holes are present on the drop periph-

ry where the lamella is the thinnest. The holes expand towards

he center of the lamella with a retracting velocity driven by cap-

llary forces [23] . For We = 30, the formation of holes takes a longer

ime, because the lamella thining occurs at a slower pace during

he spreading (see Eq. 27 ) and bubbles must have a size compara-

le to the lamella thickness to induce the opening of a hole. 

Not visible in Fig. 8 , but on the sideview images by Khavari

t al. [14] in Fig. 1 a, an intensive thermal atomization occurs when

ubbles reach the upper surface of the lamella and burst. This phe-

omenon has been extensively described in different studies such

s Cossali et al. [24] and Roisman et al. [21] . 

.2. Fingering boiling 

IR measurements reveal that there is no wetting contact at the

all temperatures associated with fingering boiling in the case of

ater contrary to ethanol droplets [14] . When fingers are present,

he surface temperature never falls below the spinodal tempera-

ure of water T spin ≈ 320 ◦C ( Fig. 17 ). Figs. 9 and 10 show typical

volution of the liquid temperature at T w 0 = 600 ◦C. Fingering can

e noticed at t = 2 ms and t = 3 ms for We = 92. In the absence of

ubbling and wetting, the breakup takes place much later than in

he bubbly boiling regime. For We = 92, the time of the breakup

s roughly 3–4 ms at T w 0 = 400 ◦C against 7 ms at T w 0 = 600 ◦C. The

reakup is driven by an instability of the rim edging the droplet.

he size of the liquid protrusions that appear on the rim, increases

ith time, which eventually leads to the rupture of the rim. For

e = 30, the growth of this instability is very slow, allowing the

ouncing of the droplet. Although the opening of the lamella still

ccurs for We = 92, there is usually no more than one or two holes

ropagating. They are observed later in the impact process, when

he liquid lamella is so thin that a very small disturbance is enough

o create a hole. This never happens in the case of We = 30, because

he spreading is limited and the lamella never gets thin enough.

or the bubbly boiling regime in Fig. 8 , bubbles of a significant

ize are able to open the lamella even for the low We and at an

arlier time, when the lamella is still relatively thick (typically, the

hickness of the lamella decreases as 1/ t 2 as shown in Eq. 27 ). 

The overall heating of the liquid is less important than in the

ubbly boiling. In the case of We = 30, the heating of the liquid is

lmost twice as low. Liquid fragments leave the wall surface at a

uch higher temperature in the case of We = 92. This can be at-

ributed to the drop spreading and the subsequent increase in the

urface area for heat transfer. The spreading diameter is more im-

ortant for We = 92. In fact, the situation is more complex as the

amella becomes very thin for the large We , its capacity to absorb

eat is reduced. This will be discussed more in details in Section 5 .

Description of the fingering To further examine the fingers, IR

mages are recorded with an enhanced resolution of 512 × 512



Fig. 8. Heat transfer at the drop impact onto the sapphire substrate at T w 0 = 400 ◦C. Images show the liquid temperature in the drop T l , the surface temperature of the 

substrate T S and the reconstructed distribution of the heat flux at the solid surface q w for We = 30 (a) and We = 92 (b). 

Fig. 9. Side and bottom views of the temperature field within an impacting droplet at We = 30 and T w 0 = 600 ◦C. 



Fig. 10. Side and bottom views of the temperature field within an impacting droplet at We = 92 and T w 0 = 600 ◦C. 

Fig. 11. Time evolution of the fingering pattern for We = 30 at T w 0 = 600 ◦C. 

Fig. 12. Time evolution of the fingering pattern for We = 64 at T w 0 = 600 ◦C. 

p  

n  

i  

s  

T  

l  

b  

a  

i  

t  

t  

s  

[

w

s

 

f  

I  

r  

(  

t  

t  

i  

a  

t  

f  

a  

r  

o

 

a  

b  

o  

n  

f  

t  

fi  

e  
ixels. The acquisition rate is only 200 fps at this resolution, so

o more than two images can be recorded per drop impact. Drop

mpacts are repeated several times and the camera trigger is time-

hifted with respect to the drop impact using the optical barrier.

his rather cumbersome approach for reconstructing the time evo-

ution of the fingering pattern was only applied for a limited num-

er of cases at T w 0 = 600 ◦C ( Figs. 11 and 12 ). The acquisitions are

lso synchronized with a high-speed camera to obtain sideview

mages of the impinging drops in shadowgraphy. The latter reveals

he existence of tiny droplets ejected upward from the edge of

he lamella in the case of We = 64 but not We = 30. This form of

econdary atomization has been already reported by Tran et al.

4] who referred to ’spraying film boiling’ and it is only visible

hen increasing We as the lamella is getting thinner during the

preading process.

Infrared images in Figs. 11 and 12 reveal a branching structure

or the fingering pattern. To determine the number N of fingers,

R images are first rewrapped in the polar coordinates ( r, θ ) with

 the radial distance to the drop center and θ the azimuth angle
 Fig. 13 ). Then, local minima and maxima of digital levels are de-

ected for a given value of r in order to assess N . The result of

his detection is presented in Fig. 13 for We = 30 and t = 2.4 ms. N

s roughly proportional to r as it appears in Fig. 13 (c). Further

nalyses also show that the ratio N / r scales as t −0.3 ( Fig. 14 ). Af-

er the droplet has reached its maximum spreading, the thermal

ootprint progressively becomes blurred due to the thermal relax-

tion by heat conduction in the solid substrate, subsequent to the

eceding and break-up of the droplet. For this reason, the detection

f the fingers was restricted to the spreading phase in Fig. 14 . 

Fig. 15 presents several radial profiles of N (number of fingers at

 fixed distance r ) for different We . The value of N is not influenced

y the impact velocity. This may appear in contradiction with the

bservations of Khavari et al. [14] , who noted an increase in the

umber of fingers with We . However, Khavari et al. [14] accounted

or the number of fingers on the droplet edge (and most likely at

he maximum spreading). Based on the above description of the

ngering pattern, the number of fingers N max on the drop periph-

ry at the time of maximum spreading t max , can be evaluated by:



Fig. 13. Illustration of the image processing to determine the number of fingers N in the case We = 30 at t = 2.3 ms and T w 0 = 400 ◦C. The raw IR image is first rewrapped in 

the polar coordinates ( r, θ ) (b), then the number N of local maxima at a fixed radius r is determined (c).

Fig. 14. Influence of the time t on the number of fingers N . The ratio N / r de- 

creases with time as t −0.3 during the drop spreading. Experimental data obtained 

at T w 0 = 600 ◦C. 

Fig. 15. Influence of We on the number of fingers N . At given r and t , the number

N of fingers is not influenced by We . Experimental data obtained at T w 0 = 600 ◦C. 
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T  
N max ∼ d max · t max 
−0 . 3 , (1)

where d max is the maximum spreading diameter. According to Tran

et al. [4] , d max ~ We 0.39 for We > 10 in the case of water. On the

other hand, t max slightly decreases with We . Based on the experi-

mental data of Castanet et al. [20, see Fig. 13 page 16] , an accept-
ble scaling for t max is given by: 

 max ∼ t γ · W e −0 . 15 
, (2)

here t γ = π/ 4 
√ 

ρd 3 
0 
/γ is the Rayleigh oscillation time. In the

urrent experiments, d 0 remains equal to 2.6 mm and so t γ is a

onstant. Using Eqs. (1) and (2) , it is expected that: 

 max ∼ W e 0 . 44 . (3)

ig. 16 shows the evolution of N max as a function of We . The re-

ults concern water but also ethanol based on the data provided

y Khavari et al. [14] . Eq. (3) is in good agreement with results

btained for both liquids. It should be noticed that the effect of

e on d max and t max are about the same for water and ethanol

20, see Figs. 9 and 13] . Finally, the major difference with ethanol

oncerns the effect of the wall temperature on the fingering. For

thanol, the fingering pattern is observed in a narrow range of

emperature between 200 ◦C and 260 ◦C by Khavari et al. [14] . A

ecent work by Castanet et al. [16] confirms the absence of fingers

or ethanol above T w 0 = 300 ◦C using the same IR technique as in the

resent study. Khavari et al. [14] also noticed that the number of

ngers is decreasing with T w 0 . In our experiments, the temperature

f the solid substrate was limited to T w 0 = 700 ◦C. At this tempera-

ure, fingers are still present and their number is not significantly

ifferent from 600 ◦C. 

. Leidenfrost point and liquid superheating

When a drop impinges on the hot substrate, the surface tem-

erature of the substrate T S first decreases. It reaches a minimum

 S,min , then it eventually returns to the initial wall temperature T w 0 .

ig. 17 shows the variation of T S,min as a function of T w 0 . The im-

ingement of a water droplet on a superheated sapphire substrate

as been already studied by Tran et al. [4] , who examined the Lei-

enfrost transition based on sideview images of the impact. They

ocated the onset of film boiling at about 450 ◦C for We in the or-

er of a few tens. The observation of Tran et al. [4] are congruent

ith the present results. Fingers can be observed at T w 0 = 450 ◦C for

e = 17, but a slight increase of the wall temperature is required for

heir formation at higher We . As expected, T S,min never goes below

he spinodal temperature T spin ≈ 320 ◦C in the film boiling regime

ie. for T w 0 > 450 ◦C). The LFP corresponds to an initial wall tem-

erature T w 0 ≈ 450 ◦C, for which it is observed that T S,min is about

equal to T spin . This means that it is the highest conceivable value

f the LFP that is actually achieved in these drop impacts. 

.1. Theoretical description of the thermal contact 

When two semi-infinite bodies initially at temperature T 1 and

 are brought in perfect thermal contact, the temperature at the
2 



Fig. 16. Maximum number of fingers N max on the droplet edge during the drop spreading. Results for water are extracted from IR images having a resolution of 160 × 128 

pixels. This allows including data from more experimental cases, but reduces the value of N max compared to the results presented in Figs. 13 to 15 .

Fig. 17. Maximal decrease in temperature of the solid surface during the impact process for different We .
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ontact surface T c instantly takes a value that is determined by

heir respective thermal effusivities e 1 and e 2 : 

 c = 

e 1 T 1 + e 2 T 2
e 1 + e 2 

. (4) 

his expression for the contact temperature is valid at any time

n the case of two semi-infinite bodies. Eq. (4) which assumes that

eat transfer is only of conducive nature, is also a good approxima-

ion for the contact temperature of finite bodies. In that case, it is

alid near the center of the contact region, as long as the thermal

iffusion length remains small in comparison to the thickness of

he bodies and to the dimensions of the contact area. Eq. (4) im-

licitly assumes that the heat transfer is purely by heat conduc-

ion in the two bodies. Therefore, this equation does not directly

pplied to the case of a spreading drop, where the internal liquid

ow intensifies the heat transfer by convection and reduces the

hickness of the thermal boundary layer developing in the liquid

amella [16,25] . As detailed by Breitenbach et al. [25] , the temper-
ture field resulting from the contact with a spreading drop can be

pproximately described by solving a one-dimensional heat equa-

ion in the liquid and solid phases separately. The heat equation in

he liquid and solid phases can be expressed as: 

∂ T l 
∂t 

+ u z 
∂ T l 
∂z 

= αl 

∂ 2 T l 
∂ z 2 

, (5) 

∂ T w 

∂t 
= αw 

∂ 2 T w 

∂ z 2 
, (6) 

here u z is the vertical component of the liquid velocity. The heat

ransfer in the r direction is neglected, which is valid close to the

ontact interfaces. In the liquid phase, the following non-viscous

olution can be considered for the velocity field [26] : 

 r = r/t, u z = 2 z/t. (7) 

he above equation is a good approximation for the velocity field

rovided sufficiently large values of We and Re (typically We > 10
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and Re > 100). A self-similar solution to Eqs. (5) and (6) can be ob-

tained by the introduction of a similarity variable ξ = z/ 
√ 

α t with

α= αl or αw 

. This yields an ordinary differential equation for the

temperature fields T l ( ξ ) and T w 

( ξ ): 

T l 
′′ + 

5

2 

ξ T l 
′ = 0 , (8)

T w 

′′ + 

1

2 

ξ T w 

′ = 0 . (9)

A constant and uniform temperature T c at the contact surface can

be considered for the boundary conditions at the liquid or solid

interfaces located at ξ= 0: 

T l = T c at ξ = 0 , T l = T d0 at ξ = ∞ , (10)

T w 

= T c at ξ = 0 , T w 

= T w 0 at ξ = ∞ . (11)

The similarity solutions of Eqs. (8) and (9) are respectively: 

T l ( z, t ) = T c + ( T d0 − T c ) erf 

( √
5 z 

2 

√ 

αl t 

)
, (12)

T w 

( z, t ) = T c + ( T w 0 − T c ) er f 

(
z 

2 

√ 

αw 

t 

)
, (13)

where e l = 

√ 

ρl Cp l κl and e w 

= 

√ 

ρw 

Cp w 

κw 

are the effusivity of

the liquid and the solid substrate. From the above solutions, the

heat flux at the contact surface, can be determined by : 

q l ( t ) ≡ κl 

∂T l 
∂z 

∣∣∣∣
z=0

= 

√ 

5 e l ( T c − T d0 ) √
πt 

, (14)

q w 

( t ) ≡ −κw 

∂T w 

∂z 

∣∣∣∣
z=0

= 

e w 

( T w 0 − T c )√ 

πt 
, (15)

where T d 0 and T w 0 are respectively the temperatures of the droplet

and the solid substrate prior to the contact. The factor 
√ 

5 in

Eq. (14) takes into account the enhancement of heat transfer in-

duced by convection in the spreading lamella. 

4.2. Thermal contact in the partially-wetting boiling regime 

When there is a wetting contact between the droplet and the

solid surface, the surface temperature rapidly reaches a minimum

value T S,min at the center of the impact region. The temperature

at this location remains about constant for a few ms. Eventually,

it rises and returns to T w 0 due to the fact that the droplet is not

a semi-infinite body. Neglecting the contribution of liquid vapor-

ization to the cooling (this approximation will be justified later in

Section 5 based on experimental measurements), the temperature

of the wetting contact can be obtained by equating the expressions

of q l and q w 

in Eqs. (14) and (15) , 

T c = 

√ 

5 e l T d0 + e w 

T w 0 √ 

5 e l + e w 

. (16)

As T w 0 increases, the liquid in contact with the solid substrate is

more and more superheated. The above expression of T c is plot-

ted as a blue line in Fig. 17 . It perfectly matches the experimental

data for the minimum temperature of the surface T S,min , until T w 0 

reaches the LFP. 
.3. The Leidenfrost point 

Basically, no wetting is possible if the temperature of the solid

urface remains above the spinodal temperature T spin during the

ooling process. In the scenario considered below, the rapidity of

he contact is such, that the liquid temperature reaches the maxi-

um conceivable value (i.e. the spinodal point T spin ). This implies

 sufficiently large impact velocity, since the dynamics of the lubri-

ation layer of gas are extremely important at low velocities (Even

 drop deposited on an unheated surface can glide on a trapped

ir cushion at low impact velocities [27] ). Assuming T S,min is equal

o T spin in the followings, it is possible to obtain an expression for

he dynamic LFP. Using Eq. (16) , we can write: 

 c = T spin = 

√ 

5 e l T d0 + e w 

LFP √ 

5 e l + e w 

. (17)

rom this expression, the dynamic LFP can be determined by: 

F P = T spin + f (W e, Re ) · e l 
e w 

·
(
T spin − T d0 

)
, (18)

here f = 

√ 

5 for the non-viscous velocity field in Eq. (7) .

onsidering κw 

= 14 W.m 

−1 .K 

−1 , Cp w 

= 1150 J.kg −1 .K 

−1 and

w 

= 3980 kg.m 

−3 for the thermal properties of sapphire, e w 

s about 80 0 0 J.K 

−1 .m 

−2 .s −1/2 . For water, κ l = 0.6 W.m 

−1 .K 

−1 ,

p w 

= 4180 J.kg −1 .K 

−1 and ρw 

= 10 0 0 kg.m 

−3 , which yields

 l = 1580 J.K 

−1 .m 

−2 .s −1/2 . Applying Eq. (18) , the LFP is about

53 ◦C, which is consistent with the experimental observations

evidence of the onset of the fingering boiling). According to

q. (18) , the liquid subcooling T Sat –T d0 has a weak influence on

FP, since T d 0 is small compared to T spin . This trend is also in good

greement with the literature [7] . The velocity field in Eq. (7) is

nly valid for relatively large impact velocities, when liquid inertia

s predominant over viscous and capillary forces. Typically, We has

o be in the range of 10, while Re has to be of a few hundreds [28] .

or the low impact velocities, it can be anticipated that f takes a

maller value tending towards 1 when U 0 is approaching 0. This

orresponds to a LFP tending toward 380 ◦C according to Eq. (18) .

his agrees well with the results of Tran et al. [4] , who found a

ynamic LFP close to 380 ◦C for We = 4. Hence, Eq. (18) seems to

old for this relatively low value of We . However, Eq. (18) does

ot apply to a sessile droplet. It largely overestimates the static

FP (about 220 ◦C according to [4] ). In the case of the sessile drop,

 superheating of the liquid is not conceivable. The sessile droplet

emains in a thermal equilibrium, meaning that its temperature is

qual to T Sat . 

.4. Liquid superheating in the film boiling regime 

In the film boiling regime, Eq. (14) can be modified to deter-

ine the heat flux q l entering into the droplet. The temperature T c 
n Eq. (14) is replaced by T lv the temperature at the liquid/vapor

nterface, which leads to: 

 l = 

√ 

5 e l ( T lv − T d0 )√ 

πt 
. (19)

his equation implies that the temperature of the liquid/vapor in-

erface T lv remains approximately constant during the impact pro-

ess. This assumption is made in almost all the models for the film

oiling, which presumes that T lv = T Sat . Equating the expressions of

 l and q w 

, and replacing T c by T lv on the liquid side, one obtains:

√ 

5 e l ( T lv − T d0 )√ 

πt 
= 

e w 

( T w 0 − T c )√ 

πt 
. (20)

his equation can be used to determine the contact temperature T c 
t the solid surface, which is expected to compare with T S,min : 

 S,min = T c = T w 0 −
√

5 · e l 
e 

· ( T lv − T d0 ) . (21)

w 
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Fig. 18. Experimental data showing the evolution of the heat taken from the solid

surface Q w and the heat transferred to the liquid Q l as a function of the wall tem- 

perature T w 0 . The overall accuracy of the measurements is about 0.1 J for both

Q l and Q w . The smooth curves with dotted lines are introduced here to highlight

trends in these experimental data.
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he surface temperature T S,min determined by Eq. (21) is plotted

n Fig. 17 as a function of T w 0 . These are parallel lines that are

hifted vertically for each value of T lv being considered. In most of

he models for the film boiling, it is assumed that T lv = T Sat [16,25] .

owever, with this assumption, the cooling of the solid surface is

y far too small in comparison with the experiments. To have a

etter agreement, it is necessary to consider that the liquid/vapor

nterface can be largely superheated in the film boiling regime. Un-

il T w0 = 550 °C, T lv remains about equal to T spin . Then, increasing

 w 0 , the superheating of the liquid/vapor interface becomes less

nd less important. At T w 0 = 700 °C, T lv is still about 200 ◦C. Presum-

bly, it would have been necessary to raise the wall temperature

o a much higher value in order to have actually T lv equal to T Sat . 

The above description suggests that the fingering boiling is in

act a form of homogeneous nucleation. At the very beginning of

mpact, the liquid is heated so strongly in a small layer of liquid

lose to the liquid/vapor interface, that it becomes superheated.

his permits the formation of numerous vapor bubbles by homo-

eneous nucleation. The liquid layer where homogeneous nucle-

tion occurs, is very thin (typically just a few μm), because its

hickness must remain small in comparison to that of the thermal

oundary layer h t which evolves as h t ∼
√ 

αl t . The vapor bubbles

re then transported by the liquid flow. This transport is more ef-

cient than in the case of bubbly boiling and heterogeneous nu-

leation. It is not restrained by the pinning of triple contact lines

bubbles attached on the solid surface). During their transport, the

apor bubbles undergo an elongation in the radial direction, since

he velocity field in Eq. (7) corresponds to a uniform strain rate

long the radial direction. The growth and elongation of the bub-

les accelerates the process of bubble coalescence, which results in

he formation of separated fingers. The vapor is mainly conveyed

o the edge of the spreading drop by flowing into the ridges that

eparate the fingers. Considering that nucleation is uniformly dis-

ributed at the liquid/vapor interface, it is expected that the num-

er of fingers N increases proportionally to r as observed experi-

entally. Since the liquid superheat decreases with T w 0 ( Fig. 17 ), N

s also expected to decline with T w 0 as described by Khavari et al.

14] . However, only the larger fingers can be seen experimentally.

hile the rate of homogeneous nucleation increases with the liq-

id superheat, the initial size of the nuclei decreases inversely. It

hould be noted that the formation of very fine bubbles by homo-

eneous nucleation above the LFP is also evidenced by the ejection

f very fine droplets ( Fig. 12 ). This phenomenon corresponds to the

spraying film boiling’ extensively described by Tran et al. [4] . Some

f the vapor bubbles can find a way through the lamella which is

ery thin on the edge of the spreading droplet. 

In the case of ethanol, the spinodal temperature is about

13 ◦C [29] . Fingers can be observed starting from T w 0 ≈ 200 ◦C

14] . Given the low thermal effusivity of liquid ethanol

 e l = 560 J.K 

−1 .m 

−2 .s −1/2 ) compared to sapphire, the contact

emperature T c does not decrease below T w 0 by more than a

ew 

◦C during the cooling process. The superheating of liquid

thanol is therefore very significant. Applying Eq. (18) with f = 

√ 

5

eads to an LFP of approximately 240 ◦C. Fingers are not observed

y both the TIR method and IR thermography techniques for

 w 0 > 270 ◦C. Castanet et al. [16] studied the time evolution of the

apor film thickness of ethanol droplets using IR thermography

tarting from T w 0 = 300 ◦C and they did not observe fingering

oiling. In this study, it is worth noting that T lv could be assumed

qual to T Sat to describe the heat transfer and the evolution of the

apor film thickness. The superheating of the liquid seems to have

isappeared, probably because the thickness of the vapour film

ets larger while increasing T w 0 . The vapor film thickness reaches

ore than 10 μm during the impact process at T w 0 = 300 ◦C [16] .

n comparison, the film thickness is of the order of 1 μm in the

ase of water at T w 0 = 600 ◦C as determined by Chaze et al. [15] . 
. Heat transfer in the Leidenfrost transition

.1. Heat transfer characteristics 

In the following section, the emphasis is placed on the heat

ransfer characteristics associated with the drop impact. The heat

aken to the wall ( Q w 

) can be determined by integrating the local

eat flux q w 

over time and space. An axisymmetric distribution is

ssumed for q w 

when solving the inverse heat conduction problem

n the sapphire substrate [15] , thus it can be written: 

 w 

= 2 π

∫ ∞ 

t=0

∫ ∞ 

r=0

q w 

( r, t ) r d r d t . (22) 

he heat gained by the liquid ( Q l ) can be evaluated from the tem-

erature of the liquid fragments measured by 2cLIF. Due to the

hort duration of the droplet/wall interaction (typically a few ms),

he mass of evaporated liquid can be neglected [16] . Therefore, Q l 

an be evaluated as follows: 

 l = m C p l ( T m 

− T d0 ) , (23) 

here m is the mass of the drop, T m 

is the average temperature

f the outcoming liquid determined from the 2cLIF images. It is

alculated doing the arithmetic average of the temperature field in

he 2cLIF images. T d 0 is the initial temperature of the drop. Fig. 18

hows the evolution of Q w 

and Q l as a function of the initial wall

emperature T w 0 for different We . Several comments can be made

rom this figure: 

• In the bubbly boiling regime (from 300 ◦C to 450 ◦C), both Q l

and Q w 

are decreasing with T w 0 . This is mainly because an in-

creasing fraction of the lamella at the periphery of the drop is

levitated over a vapor film, which acts as an thermal insulator.

The heat transfer is weakly dependent on We in this range of

wall temperature. 
• In the fingering film boiling regime ( T w 0 > 450 ◦C), the heat

transfer ( Q l and Q w 

) decreases again with T w 0 . A clear sepa-

ration of the curves for the different We can also be noticed

above T w 0 = 500 ◦C.
• In the bubbly boiling regime, Q l is slightly lower than Q w 

.

The small difference between Q w 

and Q l is not exclusively the

result of the contribution of liquid vaporization ( Q v ap = Q w 

−
Q l ). Thermal atomization produces numerous tiny secondary

droplets that are too small to be visualized by fluorescence



Fig. 19. Evolution of different parameters with the wall initial temperature T w 0 : the duration of the thermal contact t c (a), the radius of the thermal contact area (b), the

cooling of the surface �T S,max = T w 0 − T S,min (c), the maximum of heat flux q w during the impact (d). In the inversion technique used to reconstruct the heat flux distribution, 

it was demonstrated by Chaze et al. [15] that a random noise on the temperature measurements only yields a noise in the estimated flux with no bias. Measurement

uncertainties were therefore evaluated based on a repeatability study. This yielded an uncertainty of about 0.5 ms for t c , 6% for R c,max and 10% for q w, max . The measurement

error for the surface temperature does not exceed 3 ◦C at T w 0 = 300 ◦C and 1 ◦C at T w 0 = 600 ◦C. 
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imaging. The error committed in the evaluation of Q l is ignored,

but it might be larger than Q vap . In the film boiling regime, Q l 

and Q w 

are almost equal. Secondary atomization being less im-

portant, this indicates clearly that Q vap plays a negligible role in

the cooling. 
• A minimum of Q w 

is found around T w 0 = 450 ◦C which corre-

sponds to the LFP. However, it is not an absolute minimum, but

simply a local minimum, which is weakly pronounced for the

low We such as We = 17 and We = 30.
• It is possible to evaluate the cooling efficiency ε defined by:

ε = 

Q w

m 0 Cp l ( T Sat − T d0 ) + L v m 0 

, (24)

where m 0 is the initial mass of the droplet, and L v = 2260 kJ/kg

is the latent heat of vaporization of water. Remembering the

initial drop diameter d 0 = 2.6 mm, Eq. (24) leads to cooling ef-

ficiencies ranging from 2% et 6% in the film boiling regime,

which is well in line with previous experimental studies such

as Dunand et al. [30] .

The variations of Q w 

and Q l displayed in Fig. 18 are the result

of the combined effects of several parameters: the local heat flux,

the contact time and contact area, which evolve in a complex man-

ner with T . To further describe the evolution of the heat transfer
w 0 
n the Leidenfrost transition, we introduce t c as the thermal con-

act time (period during which heat transfer takes place) and R c as

he radius of the thermal contact area. By definition, q w 

( r , t ) = 0 for

 > t c and r > R c ( t ), so it can be written that: 

 w 

≈ 2 π

∫ t c 

t=0

∫ R c

r=0

q w 

( r, t ) r d r d t . (25)

he values of t c and R c can be estimated from the distributions of

 w 

solving the inverse heat conduction model. Regarding the con-

act time t c , this parameter can be evaluated with a rather good

ccuracy. However, a criterion had to be introduced for evaluating

 c due to the rather soft edge of the spatial distribution of q w 

. The

arameter R c is determined so that Q w 

calculated with Eq. (25) is

7% of the value given by Eq. (22) . Fig. 19 (a) and (b) present the

volution of t c and R c as a function of the wall initial temperature

 w 0 . Since R c varies during the impact, it was chosen to display

 c,max (the maximum of R c ) in Fig. 19 (b). The contact time t c de-

reases in the bubbly boiling regime to a minimum around the LFP.

hen, t c increases to almost reach a plateau after 550 ◦C in the film

oiling regime. The impact velocity U 0 has a significant influence

n t c . The larger is U 0 , the shorter is t c . 

Regarding the contact radius, R c,max decreases between 300 ◦C

nd 400 ◦C. However, the decrease is more pronounced for the high



Fig. 20. Evolution of R spin with the wall temperature T w 0 . The smooth curves with

dotted lines are introduced to highlight trends in these experimental data.

Fig. 21. Influence of We on the maximum radius of the thermal contact area R c,max

in the film boiling regime (averaged values for T w 0 ≥ 550 ◦C). 
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Fig. 22. Influence of the impact velocity U 0 on the thermal contact time t c in the

film boiling regime (averaged values for T w 0 ≥ 550 ◦C). 

Fig. 23. Computational domain considered for the one-dimensional description of

the heat transfer in the cylindrical slab of variable thickness E ( t ) which features the

spreading liquid lamella.
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e . This yield to very close values of R c,max for the different We at

00 ◦C. Increasing T w 0 further in the film boiling regime, the values

f R c,max deviate for the different We. R c,max increases with T w 0 for

e = 64 and 92, but remains about constant for We = 30 and de-

reases in the case of We = 17. For T w 0 > 600 ◦C, R c,max tends to

lightly increase for all the cases but variations are usually weaker.

Considering the variations of t c and R c for T w 0 > 550 ◦C, the

ecrease of Q w 

in the same range of wall temperature, can only

e explained by a reduction of q w 

. In Fig. 19 (d), the largest value

f the wall heat flux q w 

is observed at T w 0 = 400 ◦C. In Fig. 19 (c),

he largest decrease in temperature of the solid surface �T S,max is

chieved between T w 0 = 450 ◦C and 500 ◦C. While it is sometimes al-

eged that q w 

or the surface cooling �T S,max reach a minimum at

he LFP, this is clearly not the case for impacting droplets. 

.2. Heat transfer in the bubbly boiling regime 

In the bubbly boiling regime, heat transfer is the most efficient

n the wetting zone of the impact. At T w 0 = 300 ◦C, our estimates of

 c and R c are roughly the same as the wetting time and wetting ra-

ius obtained experimentally by Roisman et al. [21] . The latter also

ropose a model for the wetting contact time and radius account-

ng for the impact parameters. In this model, the lamella is as-

umed to detach from the solid surface when the thermal bound-
ry layer, that develops from the lower surface of the droplet,

eaches the top surface of the liquid lamella. Since the lamella is

hinner on the edge, the wetting region is situated at the center

hile the periphery levitates. Knowing the residual thickness of

he lamella h res after the spreading, Roisman et al. [21] obtained an

xpression for the propagation of the wetting front solving h res = h t .

his model compares well with their experimental results up to

 w 0 = 300 ◦C. But, when T w 0 is higher than the spinodal tempera-

ure T spin , this model fails as it predicts that the wetting time and

he wetting radius do not evolve with T w 0 . Introducing R spin as the

quivalent radius of the area defined by T S < T spin , Fig. 20 shows

hat R spin tends towards 0 at the LFP. Given that R spin is an upper

imit for the wetting radius, the wetting area rapidly decreases and

ecomes less and less dependent on We when T w 0 is approaching

he LFP. 

.3. Heat transfer in the film boiling regime 

Thermal contact radius As already described, fingers are ap-

roximately evenly distributed in space under the droplet. Their

umber is proportional to the radial distance r and does not de-

end on We ( Fig. 15 ). Although there is locally important varia-

ions in heat flux in the space separating the fingers, globally the

eat flux is distributed in a rather homogeneous way. The radius of

hermal contact R c is thus expected to compare with the spreading

iameter. For water droplets in the film boiling regime, Castanet

t al. [20] found experimentally that the maximum spreading di-



Fig. 24. Time evolution of the temperature of impinging water drops for different We at T w 0 = 600 ◦C. Comparison between the theoretical model of drop heating and the 

measurements by 2cLIF thermometry.
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ameter d max can be well approximated by: 

d max /d 0 ≈ 1 + 0 . 233 W e 0 . 5 . (26)

Fig. 21 shows that R c,max (the maximum radius of the thermal con-

tact area during the impact) is effectively about equal to d max /2. 

Duration of the thermal contact Except for We = 17, the du-

ration of thermal contact t c is significantly shorter than the

Rayleigh oscillation time t γ = π/ 4 
√ 

ρd 3 
0 
/γ , which is roughly equal

to 12.3 ms presently. t γ is a good approximation for the dura-

tion of the impact (time taken for the drop to spread, then re-

tracts and leaves the wall surface). In fact, a thermal boundary

layer develops within the droplet from its lower surface. Its thick-

ness can be expressed by h t = k 
√ 

αl t , where k is a constant in the

order of unity [16,25] . When h t becomes approximately equal to

the lamella thickness, the rate of heat transfer to the droplet dras-

tically slows down, since heat cannot be dissipated efficiently from

the top surface of the droplet. Provided sufficiently large We , the

lamella thickness h l ( r, t ) can be determined by [28] : 

h̄ l = 

0 . 39 (
t̄ + 0 . 25 

)2
exp 

[
−2 . 34 ̄r 2(
t̄ + 0 . 25 

)2

]
, h̄ l ≡

h l 

d 0 
, r̄ ≡ r

d 0 
, t̄ ≡ t U 0

d 0 
.

(27)

Given the Gaussian shape of the lamella, the thermal contact lasts

for a longer time at the center, meaning that: 

h l (r = 0 , t c ) = h t (t c ) . (28)

For sufficiently large times, h l (r = 0 , t) can be replaced by 0.39/ t 2 

and Eq. (28) yields: 

 c ≈
0 . 686 d 6 / 5 

0 

k 2 / 5 α1 / 5 

l 
U 

4 / 5
0 

. (29)

As shown in Fig. 22 , Eq. (29) is in good agreement with the exper-

iments for k ≈ 1.75. However, if the impact velocity U is low, this
0 
xpression leads to a value of t c that exceeds the Rayleigh oscilla-

ion time t γ . In such case, the lamella thickness h l ( r = 0 , t ) remains

igher than that of the thermal boundary layer h t for the entire

uration of the drop impact, and t c is simply equal to t γ . This sit-

ation presently occurs for We = 17. 

Modeling of the heat transfer Based on the above description, the

eat transfer to the drop Q l can be estimated within the frame of

he same one-dimensional description presented in Section 4 . The

hermal problem is modified considering a liquid disk with a thick-

ess E ( t ) decreasing with time. To handle this problem with a free

oving boundary, the vertical coordinate z can be substitued by

 = z/E(t) . This allows to solve the heat equation in a domain with

xed boundaries as illustrated in Fig. 23 . Using the above substitu-

ion, the heat equation ( Eq. 5 ) can be rewritten as: 

∂T l 
∂t 

−
(

ς 

E ′ 
E 

+ 2 ς

t

)
· ∂T l
∂ς

= 

αl

E 2 
· ∂ 2 T l 
∂ ς 

2 
, (30)

 l = T lv at ς = 0 , (31)

 T l /d ς = 0 at ς = 1 . (32)

he thickness of the liquid disk E ( t ) shall be related to the thick-

ess of the spreading lamella. To be consistent with the results

resented in Fig. 22 , E ( t ) is defined as followed: 

 ( t ) = 

h l ( r = 0 , t )

k 2 
. (33)

he above problem is solved numerically using the finite element

ethod. Once the temperature T l ( ς , t ) has been calculated, the

eat flux q l entering the droplet is evaluated by: 

 l (t) = − κl

E(t) 

∂ T l 
∂ς 

∣∣∣∣
ς=0

. (34)
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inally, the increase in the mean temperature of the drop �T d =
 l /m Cp l can be determined by: 

T d (t) = T m 

(t) − T d0 = 

1

m Cp l 

∫ t

0

q l ( t ) · S e ( t ) dt , (35)

here S e ( t ) = πd c ( t ) 
2 /4 and d c is the contact diameter. The time

volution of d c can be determined using the theoretical approach

eveloped by Castanet et al. [20] , which is based on the application

f momentum conservation to the rim bounding the liquid lamella.

n the present study, S e ( t ) is evaluated from the drop contour on

he images taken by laser-induced fluorescence. 

The above heating model was compared to the measurements

f the drop temperature obtained by 2cLIF at T w 0 = 600 ◦C ( Fig. 24 ).

xperimental images of the drop temperature are averaged spa-

ially to obtain the time evolution of the volume-average tempera-

ure T m 

. To determine the temperature at the liquid/vapor interface

 lv , the results displayed in Fig. 17 should be used. In the case of

 w 0 = 600 ◦C, the contact temperature T S,min is about 495 ◦C. Using

q. (21) , this corresponds to T lv ≈ 260 ◦C. The theoretical model

llows obtaining a good fitting of the experimental results for the

ifferent We ( Fig. 24 ). In the same figure, the case of a semi-infinite

roplet ( E → + ∞ ) and the case of non-superheated liquid inter-

ace ( T lv = T Sat ) are also presented. It is clear that taking into ac-

ount the superheating of the liquid/vapor interface is critical in

ssessing the heat transfer to the drop. 

onclusion 

The extremely rapid contact of a droplet which impinges on a

uperheated surface causes a very large superheating of the liquid.

s long as the cooling of the surface occurring at the same time

s the impact is sufficient, a wetting contact will take place. The

ynamic LFP corresponds to the initial wall temperature for which

he solid surface is cooled down to the temperature of the spin-

dal, i.e. the maximum temperature at which water can still exist

n the liquid state. A model taking into account the heat transfer

uring the contact between the droplet and the wall, as well as

he liquid flow in the spreading lamella, makes it possible to de-

ermine the dynamic LFP for sufficiently high Weber and Reynolds

umbers. The Leidenfrost point is essentially a function of the ther-

al effusivity of the liquid and the wall. As the wall temperature

pproaches the LFP, the wetting area become narrows and the wet-

ing lasts less and less time. Both parameters tending to 0, become

ess and less dependent on the Weber number. The LFP is neither

 minimum of the heat flux nor a minimum of the surface cool-

ng. When the wall temperature exceeds the LFP, the liquid at the

apor interface remains in a very high level of superheating and

n the absence of a wetting contact, the homogeneous nucleation

an play an important role. It induces the formation of a fingering

attern and to a certain extent leads to a secondary atomization

f tiny droplets if the drop spreading is sufficiently large. The fric-

ionless sliding of the liquid lamella onto the vapor cushion con-

iderably help increasing the surface for the heat transfer, but this

atter remains limited by the poor thermal conduction in the va-

or film. For the high Weber numbers, the lamella becomes very

hin during the spreading, which limits its ability to dissipate heat.

his is due to the fact that the thickness of the thermal boundary

ayer is comparable to that of the lamella. This phenomenon can

e considered in a one-dimensional description of the heat trans-

er. This model makes it possible to determine very precisely the

uantity of heat evacuated by a drop in the film boiling regime.

owever, it is still necessary to know beforehand the liquid super-

eat at the liquid/vapor interface. A more comprehensive model is

hus needed to predict this superheating. This model will certainly

ave to include the formation process of the fingers and the de-
rease of the liquid superheat induced by a more and more rapid

rowth of the vapor film when increasing the wall temperature. 
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