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A droplet impinging on a sufficiently heated surface may

be cushioned by its own vapor and never touches the sur-

face. In prior work, the transition to this so-called Leiden-

frost regime was only qualitatively described as an abrupt

change between the “contact-boiling” regime, which is

characterized by violent boiling behaviors, and the Leiden-

frost state. We reveal that the wetted area can be used as

a quantity that quantitatively characterizes this transition

and it is a continuous function of surface temperature up

to the Leidenfrost regime. The wetted area exhibits finger-

ing patterns caused by vapor flow under the liquid. This

underlines the crucial role of vapor transport in the Lei-

denfrost transition and unveils the physical mechanism of

the transition to the Leidenfrost regime.

Boiling of an impacting droplet on a heated surface is a pro-

cess that occurs when the surface temperature is sufficiently

high to nucleate vapor bubbles at the solid-liquid interface

during the spreading of the droplet. This process is at the

heart of various technical applications such as fuel injection

in combustion engines and spray cooling technologies1. One

of the key targets in these applications is to control the heat

flux from the surface through the boiling process. Numerous

studies therefore have been motivated to obtain insight into

the phenomena during the interaction between heated surfaces

and a single droplet2. However, a physical understanding of

the boiling process during impact is still elusive and calls for

investigations of the different boiling regimes3–5, the transi-

tion between these regimes1,6, and the dependence of the heat

flux on the involving physical parameters7–9.

Generally, the heat flux is a non-monotonic function of the

surface temperature and the wetted area. Its minimum value

occurs at the so-called Leidenfrost transition10,11, which sep-

arates two major boiling regimes: the contact boiling regime

in which heat is transferred directly to the liquid, and the Lei-

denfrost regime in which heat is transferred through a vapor
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Fig. 1 (a) Schematic of the experimental setup (not to scale) used

to study the impact of droplets on a heated surface. Ethanol droplets

of initially uniform diameter D0 and velocity V0 fall on the upper

surface of a glass prism P that can be heated up to 350◦C. A camera

SC is used to measure D0, V0 and record the impact from the side. A

laser beam (640nm in wavelength) emitted from a diode laser and

expanded to diameter ≈ 10mm is directed to a prism using a mirror

M1. The beam’s incident angle θ at the prism’s upper surface is

adjusted so that the TIR condition is satisfied on the glass-air

interface but not on the glass-liquid interface. The reflected beam is

directed to a camera BC using a mirror M2. (b) From left to right:

Snapshot of a wetted pattern recorded by the TIR method (the

wetted area is dark while the dry area is bright). Binary image used

to extract the area A of the wetted pattern. Binary image of the

three-phase contact line used to obtain the total length L of the

contact line.

layer generated spontaneously upon impact. Theoretical anal-

ysis and modeling9,12,13 of the heat flux within the contact

boiling regime crucially depends on, and is inseparable from,

the wetted area. However, quantitative measurements of this

quantity have been hindered by several challenges including

the very fast dynamics of the impact and nucleating bubbles at

the solid-liquid interface, as well as the difficulty in optically

distinguishing wetted and dry areas underneath the impact-

ing droplet: the dry areas are covered by an air-vapor layer

that is typically only a few micrometers thick6. These chal-

lenges also prevent an accurate determination of the Leiden-

frost transition, as the categorization of impacts in the Lei-

denfrost regime requires that the liquid does not make contact

with the heated surface during the entire impact time.

In this Letter, we investigate previously unexplored boil-
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(a)

(b)

(c)

(d)

t = 0 t = 0.5 ms t = 0.9 ms t = 1.9 ms t = 5.9 ms

T = 60 ºC: Spreading

T = 180 ºC: Bubbly Boiling

T = 200 ºC: Fingering Boiling

T = 300 ºC: Leidenfrost

Fig. 2 Series of the side- and bottom-view snapshots obtained from experiments with different surface temperatures and a fixed We = 481

(V0 = 2.58m·s−1). Snapshots in the same column are taken at the same time after the impact time (t = 0 is taken at the first frame that a

wetted area could be detected). In cases in which the liquid wets the surface and creates a thin, relatively flat film, reflected light from the

glass-liquid and the liquid-air interfaces may cause interference patterns, which appear in the TIR recordings as gray areas with dark and

bright fringes (see arrows in (a)). It is possible to differentiate these wetted areas from the dry ones based on the presence of fringes. All the

inset bars indicate a length scale of 2mm.

ing behaviors during impact of droplets on superheated sur-

faces, with an emphasis on the contact boiling regime. In this

regime, we measure the absolute area of wetted patterns in a

wide range of surface temperature and kinetic energy of the

impacting droplets. We also explore and analyze for the first

time the striking formation of finger-like patterns that occur

during transition to the Leidenfrost regime (illustrated in Fig.

1(b)).

In our experiments, droplets were generated by dispensing

liquid out of a flat-tipped needle at a small rate - a droplet

formed at the needle’s tip falls as soon as the gravitational

force overcomes the surface tension force that hangs it. The

working liquid was ethanol with density ρ = 789kg ·m−3, sur-

face tension σ = 22.4×10−3 N ·m−1, and viscosity ν = 1.4×
10−6 m2 · s−1 (specified at room temperature). The generated

droplets had a uniform diameter (D0 = 2± 0.01mm) and fell

on a glass prism with a variable velocity (0.34m · s−1 ≤ V0 ≤

2.86m · s−1 ) depending on the needle’s height. The result-

ing Weber number We = ρV 2
0 D0/σ is independent of T and

spans almost two decades between 8 and 600. The prism was

made of N-BK7 glass (Thorlabs Inc.) with an average surface

roughness ≈ 10nm and was placed in a aluminium holder em-

bedded with two cartridge heaters. As a result, the tempera-

ture of the prism’s upper surface measured by a K-type surface

probe (TME Ltd.) can reach up to 350 ◦C.

In order to obtain the absolute wetted area of the glass sur-

face during droplet impact, we recorded the bottom view of the

impact using the Total Internal Reflection (TIR) method14–17.

We directed an expanded laser beam (diameter 10mm) to a

side surface of the prism so that the refracted beam in the glass

medium made an incident angle θ to the prism’s upper sur-

face. The incident angle was adjusted so that θga < θ < θge,

where θga ≈ 42 ◦ and θge ≈ 62 ◦ respectively were the critical

angles for total internal reflection at the glass-air and the glass-

ethanol interfaces. With this arrangement (see Fig. 1(a)),

a beam incident on a dry area of the upper surface was to-

tally reflected back to the glass medium and was directed to

a high-speed camera (SA-X2, Photron Inc.), whereas a beam

incident on a wetted area refracted into the liquid medium;

the dry area then appeared bright and the wetted one dark in
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the recorded images (see Fig. 1(b)). We note that in sev-

eral cases in which the liquid wets the surface and creates a

thin, relatively flat film, interference patterns caused by re-

flected light from the glass-liquid and the liquid-air interfaces

may appear in the TIR recordings as gray areas with dark

and bright fringes (see arrows in Fig. 2(a)). These wetted

areas can still be differentiated from the dry ones based on

the presence of fringes. The sensitivity of the TIR method

is extremely high: it is capable of distinguishing a dry area

from a wetted one as long as the distance between the glass

and the liquid is larger than the evanescent wave’s thickness

d = (λ/4π)(n2
g sinθ2 −n2

a)
−1/2 ≈ 86nm14, where λ = 640nm

is the wavelength of the laser, na = 1 and ng = 1.515 are re-

spectively the refractive indices of air and glass.

We use the side- and the bottom-view (TIR) cameras to ob-

serve impacting droplets at different temperatures and Weber

numbers. In figure 2, we show four series of snapshots to ex-

emplify typical boiling behaviors at different surface temper-

atures (T = 60 ◦C, 180 ◦C, 200 ◦C, 300 ◦C) and a fixed Weber

number (We = 481); each one corresponds to a boiling regime

shown in Fig. 3. In the spreading regime in which T is rela-

tively low, an impacting droplet spreads on the surface without

any noticeable boiling effect, i.e., no vapor bubbles are ob-

served during the spreading time (see Fig. 2(a)). This regime

corresponds to the region of blue squares in Fig. 3. In the

“bubbly boiling” regime in which the temperature is higher,

the TIR recordings show tiny dry areas caused by nucleating

vapor bubbles on the glass surface (see Fig. 2(b) at t = 0.9ms).

Subsequently, these dry areas may either disappear due to de-

tachment of bubbles from the surface or merge with neighbor-

ing ones to create larger dry patches. The density of bubble

nucleation is observed to grow with T , consistent with previ-

ous studies of nucleate pool boiling18. This relation between

the nucleation density and T has also been used in theoretical

modeling of the transition to the Leidenfrost regime. That is,

nucleate boiling at the solid-liquid interface is the mechanism

for diminishing the wetted area and the eventual formation of

the vapor layer9,12,19. In other words, a prediction can be made

that the bubbly boiling regime directly transitions to the Lei-

denfrost regime without any intermediate boiling behavior.

However, as T is further increased above the range of the

bubbly boiling regime, the TIR recordings reveal a striking

wetting pattern that is markedly different from those resulted

from nucleate boiling and in stark contrast to the prediction

for that regime: after the liquid makes contact with the sur-

face, the wetted pattern quickly evolves to consist mainly of

two parts: the “fingering” one that keeps advancing outwards,

and the “bubbly” boiling one at the center (see Fig. 2(c) at

t = 0.5ms). Note that this fingering pattern can also be ob-

served for other liquids such as acetone, isopropanol, Novec

7000 engineering fluids, although the data presented here were

obtained using ethanol only. In the phase diagram in Fig. 3,

Transition
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Fig. 3 (color online) Phase diagram showing four major boiling

regimes: spreading (blue squares), bubbly boiling (red circles),

fingering boiling (purple asterisks), Leidenfrost (green stars).

Several points with transitional behaviors (right triangles) were

observed between the Leidenfrost and the fingering boiling regimes:

the wetting patterns only appear for a very short time (≈ 1ms) and

do not have the “fingering” shapes. The dashed line indicates the

transition between the fingering boiling and the Leidenfrost regimes.

The Weber number was varied by changing V0 while keeping the

droplet diameter fixed (D0 = 2±0.01mm).

we show the “fingering boiling” regime in which the pattern

can be observed. The dynamics of the fingering patterns vary

with T and We. The delay time of the fingering patterns,

measured from the frame in which wetting is first observed

(t = 0), to the one in which the fingering pattern first appears,

decreases with increasing T and We. The number of fingers

also depends significantly on both T and We (see Fig. 5). In

the Leidenfrost regime, the liquid is completely separated from

the surface. This can be seen in the TIR recordings (see Fig.

2(d)), i.e., no contact was detected during the impact.

Qualitatively, the different boiling regimes revealed by the

TIR method show a much richer dynamics of the spreading

liquid and the generated vapor. While the traditional picture

of the transition to the Leidenfrost regime only distinguishes

between the contact boiling and the non-contact boiling be-

haviors6, the newly-discovered regimes, in particular the fin-

gering boiling regime, show that the transition to the complete

non-contact behavior goes through several different stages.

Each transitional stage corresponds to a boiling regime and is

characterized by a distinct hydrodynamic behavior of the liq-

uid and vapor phases. This insight requires a reconsideration

of the Leidenfrost transition. When the vapor generation is

excessive, there exists channels created on the surface that al-

low transport of vapor generated in the center and along three-

phase contact lines to the rim of the spreading droplet. Thus,

the conductive heat transfer may not be the dominant mode as

it is in the bubble boiling regime and transport of vapor is a

crucial process in considering the transition to the Leidenfrost
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Fig. 4 (color online) (a) Equivalent spreading factor Γe = De
m/D0

vs. surface temperature T for different We. Inset: log-log plot of Γe

vs. We for impacts in the spreading and bubbly boiling regimes. The

solid line represents the best fit for the experimental data:

Γe ∼ We0.16. (b) Maximum length of the contact line normalized by

the droplet diameter L̃ = Lm/D0 vs. T for different We. Inset:

log-log plot of L̃We−0.32 vs. the normalized superheat T̃ for

different We. The solid line represents the scaling relationship:

L̃We−0.32 ∼ T̃ 2.7.

regime.

To quantitatively examine the transitions between different

regimes, we measure the wetted area A during impact (see Fig.

1(b)) as a function of time and extract the maximum value

Am for each impact experiment. We then define an equivalent

maximum diameter based on Am as De
m =

√

4Am/π, which en-

ables comparisons with the apparent maximum spreading Dm

of impacting droplets on unheated surfaces. In figure 4(a), we

plot the equivalent spreading factor Γe = De
m/D0 as a function

of T for different We. In the spreading regime, Γe slightly

increases with T for a fixed Weber number, due to a reduc-

tion in the liquid’s surface tension. As the impacts enter the

bubbly boiling regime, Γe starts to decrease gradually because

higher T causes more bubble nucleations and therefore a re-

duction in the wetted area. However, at any fixed We, the de-

viation of Γe caused by variation in T in these two regimes is

less than 20% and can be considered insignificant. Therefore,

the dependence of Γe on We can be approximated by a single

power law Γe ∼ Weα, where α ≈ 0.16 (see inset of Fig. 4(a)).

(b)
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Fig. 5 (color online) (a) Snapshots of the fingering patterns taken at

different We and T . All the snapshots were at 0.9ms after the first

frame in which wetting is detected. All the inset bars indicate a

length scale of 1mm. (b) Time-averaged number of fingers N in the

fingering boiling regime versus We for different T . Note that We

was varied by changing V0 while keeping the droplet diameter fixed

(D0 = 2±0.01mm).

Note that this exponent is not representative of the apparent

spreading diameter under the liquid, but the one resulted from

the absolute wetted area. As a comparison, for the impacts

of droplets on unheated superhydrophobic surfaces where the

spreading liquid is lubricated by an air layer, the scaling expo-

nent is α = 0.25)20,21, or for impacts on Leidenfrost surfaces

where the vapor provided an extra driving mechanism for the

spreading liquid, α = 0.36,22.

The effect of boiling can be further assessed by examining

the total length L of the three phase contact line of the wet-

ted pattern (see Fig. 1b). For each impact experiment, we

can extract L as a function of time and determine the max-

imum value Lm. In figure 4(b) we show a plot of the nor-

malized length contact line L̃ = Lm/D0 versus T for different

We. The plot clearly shows that the absence of vapor bubbles

in the spreading regime results in a constant L̃, whereas bub-

ble nucleation in the bubbly boiling regime causes an abrupt

increase of L̃. To elucidate the process responsible for the in-

crease in L̃ in the bubbly boiling regime, we deduce a scaling

relationship between L̃ and T as follows. If we denote Nb
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the density of bubble nucleation, the total number of bubbles

scales as NbDe
m

2. This gives the total length of the contact

line ∼ NbDe
m

2lb, where lb is the typical size of vapor bubbles.

Thus L̃ = Lm/D0 ∼ NbDe
m

2lb/D0. Here Nb can be related to

the normalized superheat T̃ = (T −Tb)/Tb, with Tb the boil-

ing temperature, using a generally accepted scaling relation

resulted from nucleate boiling theory: Nb ∼ T̃ p, where p is

a empirically determined coefficient18. The dependence of

lb on T is considered weak18 and can be neglected. Simi-

larly, since De
m was shown insensitive to changes in T (in both

the spreading and the bubbly boiling regimes), we consider it

as a function of We only: De
m ∼ D0We0.16. Thus, we obtain

L̃ ∼ We0.32T̃ p. In the inset of Fig. 4, we show a log-log plot

of L̃We−0.32 versus T̃ for different We. A best fit of the data

gives p= 2.7±0.9, which is within and at the lower end of the

reported range 2 < p < 618,23–25. We note here that the large

error of the estimation of p in our experiments is due to the

limited range of T̃ . The wide range of the reported values of p

may originate from many attributing factors including the ma-

terial of the surface and how it is prepared, but it is generally

accepted that p is smaller for smoother surfaces18,26. Together

with the experimental observation, this strongly suggests that

the dominant thermal process in the bubbly boiling regime is

nucleate boiling.

The transition between the bubbly boiling and the finger-

ing boiling regimes marks a distinctive change in the depen-

dence of Γe on T and We (Fig. 4(a)): Γe becomes insensitive

to changes in We but decreases with increasing T and even-

tually diminishes at the Leidenfrost temperature. It is also

remarkable that exactly at this transition, L̃ starts decreasing

with increasing T (Fig. 4(b)). This implies that the domi-

nant thermal process is no longer nucleate boiling and the heat

transfer rate from the surface to the liquid starts decreasing

and eventually minimizes at the Leidenfrost transition. Thus,

the continuous reduction of Γe and L̃ in the fingering boiling

regime, which spans a significant temperature range, quantita-

tively shows that the Leidenfrost transition is continuous and

should be considered with mass transport of vapor taken into

account.

Let us now discuss the wetted patterns observed in the fin-

gering boiling regime. In figure 5 (a), we shows several snap-

shots of the fingering patterns at different We and T . All the

snapshots were taken at the same time ( 0.9ms) after impact.

Although the fingering patterns can only be observed within a

limited range of temperature (200◦C ≤ T ≤ 260 ◦C), the ge-

ometry of these patterns change substantially with tempera-

ture. At lower T (T = 200 ◦C), the fingers appear more slen-

der with larger quantity, whereas at higher T (T = 260 ◦C),

they are more fragmented and have larger width with smaller

quantity. Varying the Weber number from 130 to 591 does not

seem to significantly change the geometry of these patterns.

Note that after the liquid film is completely flattened and sub-

sequently ruptured, the liquid fragments may also form pat-

terns with fingering geometry, which can be observed using

top-view recordings27. The difference between the ones in

our present study and these patterns is that the former ones

occur at the very early stage of the impact; during this stage,

the liquid at the center still has the shape of a spherical cap

and remains intact, while the later one occur at a later stage

due to fragmentation of the liquid film. To quantitatively char-

acterize this behavioral change of the patterns, we count the

number of “fingers” for each impact experiment as a function

of time and take the time-averaged number N. In figure 5(b),

we show a plot of N versus We for different T . It can be seen

that N increases with We but decreases with T . Although it is

not clear to us what causes this dependence of N on We and T ,

we conjecture that the formation of these patterns is related to

the instability of the vapor flow as it is squeezed out from the

gap between the droplet and the solid surface. Therefore this

phenomenon calls for more thorough experimental and theo-

retical investigations at the onset of impact.

In summary, we have presented measurements of the ab-

solute wetted area during the boiling and spreading processes

of droplets impacting on heated surfaces. In particular, we

have shown that the boiling behaviors of impacting droplets on

heated surfaces can be mainly divided into four major regimes:

the spreading regime in which the heating effect is negligible,

the bubbly boiling regime in which nucleate boiling is acti-

vated at the solid-liquid interface, the fingering boiling regime

whose characteristics include (i) a gradual decrease in the wet-

ted area with increasing temperature, (ii) an independence of

the wetted area from the Weber number, and (iii) vapor trans-

port between the “fingers” of the wetted patterns, and finally

the Leidenfrost regime. Measurements of the wetted area in

these boiling regimes indicate that the transition to the Lei-

denfrost regime is continuous with respect to the wetted area

and an understanding of its physical mechanism requires in-

corporation of vapor transport under the liquid, which vapor

flow is closely related to the formation of the fingering wet-

ted pattern. Since the heat transferred to the liquid is mostly

through the contact area, the continuous reduction of the con-

tact area with surface temperature, together with the dynam-

ical characteristics of the three contact boiling regimes, may

serve as building blocks for modeling of the heat transfer be-

tween the heated surface and the impacting droplet. A prelim-

inary analysis of the the patterns indicates a dependence of the

number of fingers on the Weber number and surface tempera-

ture, but further theoretical and experimental work is needed

to understand the formation of these patterns. We anticipate

that these quantitative measurements of the wetted area will

provide new insights into obtaining a complete understanding

of the Leidenfrost transition.
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517, 199–208.

21 P. Tsai, M. H. Hendrix, R. R. Dijkstra, L. Shui and D. Lohse, Soft Matter,

2011, 7, 11325–11333.

22 T. Tran, H. J. Staat, A. Susarrey-Arce, T. C. Foertsch, A. van Houselt,

H. J. Gardeniers, A. Prosperetti, D. Lohse and C. Sun, Soft Matter, 2013,

9, 3272–3282.

23 C. Wang and V. Dhir, J. Heat Transfer, 1993, 115, 659–669.

24 R. Benjamin and A. Balakrishnan, Exp. Therm Fluid Sci., 1997, 15, 32–

42.

25 S. Cheung, S. Vahaji, G. Yeoh and J. Tu, Int. J. Heat Mass Transfer, 2014,

75, 736–753.

26 K. Cornwell and E. Brown, 6th Int. Heat Transfer Conference. Toronto,

Canada, 1978.

27 S. Manzello and J. Yang, Int. J. Heat Mass Transfer, 2002, 45, 3961–

3971.

Page 6 of 6Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t


