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Drop rebound after collision with a very hot substrate is usually attributed to the Leidenfrost effect,1–5 characterized

by intensive film boiling in a thin vapour gap between the liquid and substrate. Similarly, drop impact onto a cold

superhydrophobic substrate6–8 leads to a complete drop rebound, despite partial wetting of the substrate. We have

studied the repellent properties of hot smooth hydrophilic substrates in the nucleate boiling, non-Leidenfrost regime

and discovered that the thermally induced repellency is associated with vapour percolation on the substrate. The

wetting structure in the presence of the percolating vapour rivulets is analogous to the Cassie-Baxter wetting mode,9

which is a necessary condition for the repellency in the isothermal case. The theoretical predictions for the threshold

temperature for vapour percolation agree well with the experimental data for drop rebound and correspond to the

minimum heat flux when spray cooling.
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In describing drop interaction with solid surfaces, researchers have reverted (unknowingly) to endowing drops and surfaces

with the ability to empathize - drops spread with love on friendly hydrophilic substrates.∗ In contrast, drops impacting

onto a fearful hydrophobic† or even superhydrophobic surfaces can often lead to rebound. What then does a drop "feel"

when impacting onto an extremely hot substrate? Thermally induced drop rebound is one of the numerous observed impact

outcomes,10, 11 which also include deposition, evaporation, breakup and atomization. These phenomena are substantially more

complex and have to be described combining the hydrodynamic and thermodynamic aspects of the drop boiling on a hot

substrate.

Drop spreading after impact onto a solid dry substrate is governed by the impact Reynolds number Re ≡ ρd0U0/µ and the

Weber number We ≡ ρd0U2
0 /σ , where ρ , µ and σ are the density, viscosity and surface tension of the liquid, d0 is the initial

drop diameter and U0 is the impact velocity. Drop collision in the absence of thermal effects leads to the generation of a thin

radially spreading lamella, bounded by a rim, formed by surface tension and the forces associated with the substrate wetting

properties.12, 13

Immediately after impact an expanding viscous boundary layer of thickness ∼
√

νt is formed in the vicinity of the wall,

where ν is the kinematic viscosity of the liquid. At some instant the thickness of the viscous boundary layer is equal to the

lamella thickness. At subsequent times the flow in the lamella is quickly damped by the viscosity. The theoretically predicted

residual lamella thickness and the characteristic time of spreading governed by viscosity are obtained in the form14

hres ≈ 0.79d0Re−2/5, tν ∼
d0Re1/5

U0
. (1)

For lower Weber number the effect of surface tension becomes dominant and the rim can start to recede before the

cessation of the flow in the lamella. In many cases, for example in the film boiling regime,15 in the case of drop impact onto a

superhydrophobic substrate,16 or binary drop collisions,17 the spreading time is scaled very well with the typical time of drop

natural oscillations

tσ ≈

√

ρd3
0

σ
=

d0We1/2

U0
. (2)

The viscous spreading regime corresponds to the case tν ≪ tσ , namely when We ≫ Re2/5.

In the case of drop impact onto a hot substrate two thermal boundary layers, in the solid substrate and in the liquid

flow, start to expand in the vicinity of the liquid/solid interface.18 If the substrate initial temperature Twall is well above the

saturation point Tsat, the flow is accompanied by the heterogeneous nucleation of the vapour bubbles.19, 20 In this regime the

wall temperature near the evaporating contact line of each bubble approaches Tsat. The heat flux q̇ in the nucleate boiling regime

is then estimated21 from the well-known solution of the conduction problem in the wall

q̇ =
ew∆Tw√

πt
. (3)

The total evaporation time of the deposited drop can now be estimated using (3) from the balance of the total heat required

for the complete drop evaporation and the heat transferred from the substrate21

tεdrop = π

(

ρL∗d0

12kwew∆Tw

)2

, ∆Tw = Twall −Tsat, (4)

in which kw is a dimensionless empirical constant of the order of unity, associated with the surface wettability, ew is the thermal

effusivity of the substrate and L∗ = L+∆H0 is the sum of the latent heat of evaporation L and the enthalpy difference ∆H0

between the initial drop and saturated liquid.

Typical phenomena of drop impact onto a substrate at various initial temperatures, captured using a high-speed video

system, are shown in Fig. 1a-c. The contact residence time tr of an impacting drop is determined either by the instant of drop

rebound or by the duration of complete evaporation of a deposited drop and is shown in Fig. 1d as a function of the initial

substrate overheat Twall −Tsat. Three main outcomes of drop impact in the nucleate boiling regime include drop deposition

and complete evaporation (one example is shown in Fig. 1a), complete rebound after a certain delay due to a short period of

sticking to the substrate (illustrated by the example in Fig. 1b), and non-sticking rebound (Fig. 1c). As shown in the graph in

Fig. 1d, the contact residence time tr of the deposited drop in the nucleate boiling regime (here for ∆Twall < 50 ◦C) marked by

∗The word hydrophilic is formed from the ancient Greek words ὕδωρ and φιλία for water and love.
†From the Greek ὕδρόφοβος, terrified by water.
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Figure 1. Typical stages and main outcomes of drop impact onto a hot solid substrate at various initial temperatures.

The d0 = 2.35 mm drop impacting onto an aluminium substrate with the impact velocity U0 = 2 m/s. Figures a, b, and c are

exemplary images of drop impact captured using a high-speed video system. a, drop impact at Twall = 140◦C shows drop

spreading, receding and deposition in the nucleate boiling regime. The contact residence time is determined by complete drop

evaporation; b, Twall = 170◦C, intensive nucleate boiling leads to the drop rebound delayed by a short period of sticking (see

the image at 10 ms); c, Twall = 200◦C, non-sticking drop rebound; d, Dependence of the average contact residence time tr on

the wall overheat temperature ∆Tw in comparison with the theoretical estimations for tεdrop and tσ . Each experimental point is

the average value of 10 experiments for the corresponding temperature class.
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Figure 2. Parametric study of the residence time of an impacting water drop. Steel target. a, Experimental results on

the residence time tr. Each symbol corresponds to a single drop impact onto a steel target with various initial temperatures. The

impact parameters are d0 = 2.3 mm and U0 = 0.46 m/s. b, Residence time tr averaged over a target temperature class for

different impact velocities.

the yellow color, agrees well with the theoretical predictions (4). In the range of highest wall temperatures (∆Tw > 100 ◦C,

pink region in Fig. 1) the residence time is very close to the drop capillary time tσ defined in Eq. (2) due to the non-sticking

drop rebound. However, in the intermediate range of the temperatures (50 ◦C < ∆Tw < 100 ◦C) the residence time tr deviates

significantly from both tεdrop and tσ . The delay of the drop rebound in this regime is caused by the bonding of the drop at

residual wetted spots of the target, as in the 10 ms frame in Fig. 1b.

The residence time is significantly influenced by the thermal properties of the substrate, its initial temperature as well as by

the impact parameters. In Fig. 2 the results of the measurements of tr on the steel target are also shown in comparison with the

theoretically predicted times tεdrop and tσ . While in Fig. 2a the residence time for a certain set of impact parameters are shown,

in Fig. 2b the value of tr is shown averaged over a substrate temperature class.

Let us denote T ∗ as the lowest wall temperature at which the drop does not stick to the substrate. This point corresponds

to the local minimum in the total heat, Q =
∫ tr

0 A(t)q̇(t)dt transferred from the substrate during drop impact, since the heat

increases with the residence time and with the wall temperature. Here A(t) is the wetted area of the substrate. We can thus

expect that the heat flux during spray cooling at the threshold point T ∗ will also be minimal.

In Fig. 3a the evolution of the heat flux q̇ and the interface temperature Ti of a thick stainless steel target continuously

cooled by spray impact are shown. The target is initially heated uniformly up to Tw ≈ 450 ◦C. The high-speed observations of

spray impact, shown in the inserts in Fig. 3a, demonstrate that the threshold temperature T ∗ associated with the minimum of

the heat flux curve indeed determines the deposition/rebound limit for the impacting drops.

The value of the threshold temperature T ∗ depends neither on the drop diameter in the spray nor on the impact velocity, but

on the target material, as is demonstrated in Figs. 3b and c. Moreover, no dependence of the temperature T ∗ on the mass flux of

the impacting spray or other impact properties has been identified.

In Fig. 4 details are shown of the development of the vapour phase in the advanced nucleate boiling regime, which allow us

to better understand the mechanisms of a single drop rebound. Fig. 4a clearly shows the vapour bubbles on the aluminium

substrate at Twall = 170◦C and in b the formation of elongated vapour rivulets at higher temperatures, Twall = 200◦C, at which

drops rebound without delay. The impact parameters in Figs. 4a and b are the same as in Fig. 1. Fig. 4c is the map of the heat

flux distribution at the surface of a transparent sapphire target at Twall = 378◦C during drop spreading.22 The wall temperature is

well above the threshold temperature T ∗. The red spots, corresponding to high local heat flux, indicate wetting of the substrate.

The green or blue regions of low heat flux indicate the percolated vapour rivulets, similar to those observed in Fig. 4b.

The randomly distributed disks on a plane in Fig. 4c is an exemplary illustration of the irregular nucleation of bubbles. The

spatial distribution of disks is characterized by the cumulative relative area λ of the disks, scaled by the total area of the domain.

The percolation threshold in this two-dimensional problem23 is λc = 1.128. At this point an infinite cluster of the intersecting

disks first appears, as shown in Fig. 4d. The formation of the wrapping cluster of the disks at the percolation threshold can

explain the percolation of the vapour bubbles and formation of the vapour rivulets. The computed value λc = 1.128 is only

a very rough approximation for the percolation threshold for the vapour bubbles, since the model does not consider bubble

coalescence or shear driven motion of the bubbles in the liquid flow.

The relative wetted surface area (not belonging to the surface covered by the bubbles), ε , can be estimated assuming a
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Figure 3. The threshold temperature T ∗ for spray impact. a, Exemplary results for the evolution of the heat flux q̇ and

surface temperature Ti as a function of time t for spray cooling with distilled water. The threshold temperature T ∗ at the instant

t∗ corresponds to the minimum heat flux. Inserts show liquid patterns on the surface shortly above and below the threshold

temperature T ∗. b and c, The dependence of the threshold temperature T ∗ on the average drop diameter D10 in the spray and on

the average impact velocity U , respectively.

Figure 4. Boiling of the liquid lamella on a hot substrate. a, Spreading of the drop in the delayed rebound regime,

Twall = 170◦C, captured by the high-speed video system. Bubbles are the result of the heterogeneous nucleation at the substrate.

b, Appearance of the percolating vapour rivulets at Twall = T ∗ = 200 ◦C. This impact leads to a non-sticking rebound. c, Heat

flux map, computed using the images captured using the high-speed infrared camera during drop impact onto a sapphire target

at Twall = 378◦C, corresponding to the non-sticking rebound accompanied by the intensive generation of fine secondary drops.

The red regions of peak heat flux correspond to the substrate wetting. d, Visualization of a continuum percolation with

randomly distributed disks at λ = 1.2, slightly above the percolation threshold λc. The wrapping cluster is marked by the

orange color.
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Poisson distribution of the bubble positions.24 At the percolation threshold it yields

εc = exp(−λc)≈ 0.32. (5)

The flow in the drop for values of relative volume of the liquid phase ε > εc is completely different since the liquid contacts

the substrate only at isolated wetted spots, which cannot prevent drop rebound, as in Fig. 1c. Let us roughly estimate the wall

temperature corresponding to the emergence of the percolating vapour channels during the spreading time tσ . Consider the

liquid lamella of the thickness hres defined in Eq. (1). It can be estimated from the one-dimensional energy balance accounting

for the creation of the vapour phase, expressed as

ρhresLε ′(t) =−q̇ε(t), (6)

where ε is the relative volume of the liquid phase in the lamella. The solution of this differential equation is

ε(t) = exp

[

−
1.43ew∆Twt1/2

ρd0LRe2/5

]

. (7)

With the help of (2) (3) and (5) the condition ε = εc at the instant t = tσ yields the following expression for the threshold

overheat ∆Tσ in the surface tension driven spreading regime

∆Tσ = 0.8
d

1/4

0 L∗ρ3/4σ1/4

ewRe2/5
. (8)

For very high Weber numbers the duration of drop spreading is scaled by the viscous time scale tν , defined in (1). The

percolation condition ε = εc at the instant t = tν yields another expression for the threshold wall overheat ∆Tν in the viscous

spreading regime

∆Tν =
ρ
√

νL∗

ew

. (9)

It should be noted that the Leidenfrost phenomenon can be initiated as soon as the value of the relative wetted area

approaches zero, ε ≪ 1. Therefore, the Leidenfrost point can also be described using the scales defined in (8) and (9),

depending on the drop impact parameters.

The expression for ∆Tν does not depend on the drop diameter or impact velocity. This is not surprising, since the time tν
and the lamella thickness hres correspond to the one-dimensional growth of the viscous boundary layer in the lamella. This

means that expression (9) can be used for the prediction of the Leidenfrost point even for a stationary (sessile) drop.

In Fig. 5 the theoretically predicted scales for the threshold temperature ∆Tσ and ∆Tν are compared with the experimental

data. The data for low speed impacts with We < 2.5Re2/5, governed by surface tension, are shown in Fig. 5a as a function of

∆Tσ . The agreement is good, considering that the target materials and the impact velocities have been widely varied in the

experiments.

The effect of surface tension on the drop kinematics is negligibly small if We > 2.5Re2/5 and also for stationary drops.

The threshold temperature in these cases, ∆T ∗, has to correlate with ∆Tν , which accounts for the expansion of the viscous

boundary layer in the drop. The graphs in Figs. 5b and c confirm this assumption. All three graphs in Fig. 5 demonstrate a

linear dependence of the data on the theoretical predictions. Moreover, the slope of the straight fitting line is in all the cases

comparable with unity. This result demonstrates that the main physical players responsible for the thermosuperrepellency are

correctly identified in our model.

Several hypotheses have been put forward in the literature to explain the mechanism of film boiling. Some theoretical

models have been developed based on the hydrodynamic stability analysis of the vapour/liquid interface25, 26 or thermocapillary

stability.27 Other authors assume that the Leidenfrost temperature is determined by the foam limit28, 29 or by the limiting

minimum vapour thickness30 comparable with the surface roughness. In this study we have demonstrated that the transition to

the film boiling regime is initiated at the threshold point for vapour percolation. Further drop evaporation is governed by the

presence of the vapour rivulets and is characterized by the disappearance of the isolated wetted spots. The film boiling regime

corresponds to a complete vanishing of the wetted spots.

Experimental methods

Two main experimental setups are used to observe single drop impact and to characterize spray cooling of hot substrates. They

are shown schematically in Fig. 6.
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Figure 5. Comparison of the threshold overheat temperatures ∆T ∗ ≡ T ∗−Tsat with the theoretically predicted scales

∆Tσ and ∆Tν . a, Data for low velocity single drop impact with We < 2.5Re2/5, governed by surface tension, as a function of

∆Tσ defined in (8); b, The existing data from the literature for the Leidenfrost point ∆TL for sessile drops of different liquids

and substrates as a function of ∆Tν ; c, Data for water spray cooling of targets of different materials and for the high-speed

single drop impacts with We > 2.5Re2/5, governed by the viscosity, as a function of ∆Tν . The data for different liquids from

this study and from the literature are listed in the Supplementary Material.22
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Figure 6. Sketches of the experimental setups for the single drop and spray cooling experiments. a, The setup consists

of an adjustable drop generation unit, a heated impact target and a high-speed observation system. The heater and impact target

are replaced for IR measurements during the drop impact. b, The setup for infrared (IR) measurements. The heater provides

bottom view optical access for a high-speed infrared camera. c, Setup for characterization of spray cooling . d, Setup for

detailed spray characterization.

Observations of single drop impact onto a hot substrate Two configurations of the experimental setup for a single drop

impact are used in this study, one is to study the outcome of drop impact onto metal targets (Fig. 6a) and the other is for the

high-speed thermographic visualization of the substrate interface exposed to the collision of a drop (Fig. 6b).

Single drops of double-distilled water with a diameter of d0 = 2.3 mm are generated by a drop-on-demand generator (as

shown in Fig. 6a). The drop generator is cooled to maintain the liquid temperature constant at 20 ◦C. By changing the height,

the impact velocity can be changed in the range of U0 = 0.4 to 2 ms−1. Various target materials are used to identify the

influence of the material properties on the drop impact outcome: aluminium (EN AW 7075), copper (CW004A) or stainless

steel (1.4841). The replaceable impact substrates are heated by a heating device. The surface temperature is measured with a

type J thermocouple 1 mm below the surface. The drop impact is observed using a high-speed video system, consisting of a

CMOS camera and background illumination.

The setup for the visualization of the micro-scale thermodynamic effects at the drop-substrate interface and for the

measurements of the temperature distribution is shown in Fig 6b. The high-speed thermographic measurements are performed

using a mid-wave infrared camera. The bottom view of the wetted interface is achieved by using an infrared (IR) transparent

sapphire target. The impact surface of the target is coated with a thin highly infrared emissive CrN PVD layer.

The heat flux at the substrate interface is then obtained by a numerical solution of the heat conduction problem in the

sapphire substrate, satisfying the boundary conditions for the evolution of the temperature distribution obtained from the

thermographic measurements.

Spray Cooling setup The experimental setup, as shown in Fig. 6c, consists of a heated target, a spraying system, a high-speed

visual observation system and a spray characterization system. The temperature distribution in the target, heated using cartridge

heaters, is measured by a set of the thermocouples placed in two rows at different depths from the surface. These temperatures

are used for computation of the local heat flux and instantaneous surface temperature by solution of the inverse heat conduction

problem.31 To determine the effect of the wall thermal properties on the Leidenfrost point, two targets of different materials,

stainless steel and nickel, have been used.

To identify the effect of the main spray parameters on the cooling rate, the average drop diameter, average velocity and the

8/10



mass flux density of the spray have been varied in the experiments. They are accurately characterized using a phase Doppler

system and a custom built patternator, as schematically shown in Fig. 6d. The phase Doppler measurements were performed

without the target, but at positions corresponding to specific locations immediately above the target; hence the spray parameters

were local values. A high-speed camera equipped with a long distance microscope allows observation of the hydrodynamic

phenomena at the target surface during spray impact.

The brief description of the materials can be found in the Supplementary Material.22
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Figures

Figure 1

Typical stages and main outcomes of drop impact onto a hot solid substrate at various initial
temperatures. The d0 = 2:35 mm drop impacting onto an aluminium substrate with the impact velocity
U0 = 2 m/s. Figures a, b, and c are exemplary images of drop impact captured using a high-speed video
system. a, drop impact at Twall = 140C shows drop spreading, receding and deposition in the nucleate
boiling regime. The contact residence time is determined by complete drop evaporation; b, Twall = 170C,
intensive nucleate boiling leads to the drop rebound delayed by a short period of sticking (see the image
at 10 ms); c, Twall = 200C, non-sticking drop rebound; d, Dependence of the average contact residence
time tr on the wall overheat temperature DTw in comparison with the theoretical estimations for tedrop
and ts . Each experimental point is the average value of 10 experiments for the corresponding
temperature class.



Figure 2

Parametric study of the residence time of an impacting water drop. Steel target. a, Experimental results
on the residence time tr. Each symbol corresponds to a single drop impact onto a steel target with various
initial temperatures. The impact parameters are d0 = 2:3 mm and U0 = 0:46 m/s. b, Residence time tr
averaged over a target temperature class for different impact velocities.

Figure 3

The threshold temperature T for spray impact. a, Exemplary results for the evolution of the heat �ux ˙ q
and surface temperature Ti as a function of time t for spray cooling with distilled water. The threshold



temperature T at the instant t corresponds to the minimum heat �ux. Inserts show liquid patterns on the
surface shortly above and below the threshold temperature T. b and c, The dependence of the threshold
temperature T on the average drop diameter D10 in the spray and on the average impact velocity U,
respectively.

Figure 4

Boiling of the liquid lamella on a hot substrate. a, Spreading of the drop in the delayed rebound regime,
Twall = 170C, captured by the high-speed video system. Bubbles are the result of the heterogeneous
nucleation at the substrate. b, Appearance of the percolating vapour rivulets at Twall = T = 200C. This
impact leads to a non-sticking rebound. c, Heat �ux map, computed using the images captured using the
high-speed infrared camera during drop impact onto a sapphire target at Twall = 378C, corresponding to
the non-sticking rebound accompanied by the intensive generation of �ne secondary drops. The red
regions of peak heat �ux correspond to the substrate wetting. d, Visualization of a continuum percolation
with randomly distributed disks at l = 1:2, slightly above the percolation threshold lc. The wrapping cluster
is marked by the orange color.



Figure 5

Comparison of the threshold overheat temperatures DT  TTsat with the theoretically predicted scales
DTs and DTn . a, Data for low velocity single drop impact withWe < 2:5Re2=5, governed by surface
tension, as a function of DTs de�ned in (8); b, The existing data from the literature for the Leidenfrost
point DTL for sessile drops of different liquids and substrates as a function of DTn ; c, Data for water
spray cooling of targets of different materials and for the high-speed single drop impacts withWe >
2:5Re2=5, governed by the viscosity, as a function of DTn . The data for different liquids from this study
and from the literature are listed in the Supplementary Materials.



Figure 6

Sketches of the experimental setups for the single drop and spray cooling experiments. a, The setup
consists of an adjustable drop generation unit, a heated impact target and a high-speed observation
system. The heater and impact target are replaced for IR measurements during the drop impact. b, The
setup for infrared (IR) measurements. The heater provides bottom view optical access for a high-speed
infrared camera. c, Setup for characterization of spray cooling . d, Setup for detailed spray
characterization.
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