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During the impact of a liquid droplet on a sufficiently heated surface, bubble nucleation
reduces the contact area between the liquid and the solid surface. Using high-speed
imaging combined with total internal reflection, we measure and report how the contact
area decreases with time for a wide range of surface temperatures and impact velocities.
We also reveal how formation of the observed fingering patterns contributes to a
substantial increase in the total length of the contact line surrounding the contact area.
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1. Introduction

Evaporation of liquid droplets impacting on a sufficiently heated solid surface occurs in
numerous industrial applications, such as thermal spray (Davis et al. 2004; Chandra &
Fauchais 2009), liquid atomisation (Ashgriz 2011; Moita & Moreira 2012) and cooling of
electronic devices (Pautsch & Shedd 2005; Kim 2007; Sinha-Ray & Yarin 2014; Hsieh &
Luo 2016; Breitenbach, Roisman & Tropea 2017; Liang & Mudawar 2017). Of particular
importance is the situation in which the surface is heated above the liquid’s boiling point.
In such case, hydrodynamic behaviours of the impacting droplets, e.g. spreading and
possible splashing, are accompanied by various phenomena associated with liquid–vapour
phase transition, ranging from bubble nucleation to vigorous boiling (Tran et al. 2012;
Staat et al. 2015; Qiu et al. 2016). Intangible physical elements make it challenging to
understand and control quantities of practical interest such as the heat dissipation rate from
the solid surface (Bhardwaj, Longtin & Attinger 2010; Herbert et al. 2013; Jung, Jeong &
Kim 2016; Liang et al. 2016). In a typical boiling process, two scenarios may happen: (1)
the liquid maintains contact with the surface, in which case the heat flux keeps increasing
with the surface temperature, and (2) sufficient vapour is generated to completely cover
the surface. The former is commonly referred to as the contact boiling regime (Tran et al.
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2012; Khavari et al. 2015), while the latter is known as the Leidenfrost regime (Leidenfrost
1756; van Limbeek et al. 2016; Shirota et al. 2016; Khavari 2017; Khavari & Tran 2017;
Van Limbeek et al. 2017; Liu & Tran 2020). In the contact boiling regime, bubbles may
be generated at the liquid–solid interface; part of the liquid’s spreading area is therefore
covered by vapour, and the heat is transferred from the solid to the liquid through both the
liquid–solid interface (the wet area) and the generated vapour. As a result, to effectively
control the heat transfer rate, one must have a quantitative measure of the wet area during
the boiling of the liquid.

In this paper, we accurately and systematically measure the temporal change of the wet
area during the impact of ethanol droplets on a heated glass substrate using the total
internal reflection (TIR) method (Nagai & Nishio 1996; Kolinski et al. 2012; Kolinski,
Mahadevan & Rubinstein 2014a,b; Khavari et al. 2015; van Limbeek et al. 2016; Shirota
et al. 2016; Khavari & Tran 2017; Van Limbeek et al. 2017). We also report detailed
dependence of the measured wet area on impact velocity and surface temperature for
various characteristic regimes previously observed for droplet impact on heated surfaces
(Khavari et al. 2015), i.e. the spreading, bubbly boiling and fingering boiling regimes.
We measure the total length of the contact lines during impact and show its variations
with surface temperature and impact velocity. We discuss how the formation of fingering
patterns contributes to a significant increase in the total length of the contact lines.
Furthermore, we present the wetting rate of droplets on heated surfaces for different
surface temperatures and impact velocities and discuss its role in distinguishing the bubbly
boiling regime from the fingering boiling regime.

2. Results and Discussion

We used the TIR technique (see the Appendix for the experimental setup) to observe and
precisely measure the wet area during impact. In particular, we utilised this technique
to obtain high-speed recordings in which the wet area is well contrasted from the
dry area. This enabled us to precisely measure both the total wet area, denoted by
A, and the total length L of the contact lines separating the wet and dry areas. We
used ethanol as the working liquid, with density ρ = 789 kg m−3 and surface tension
σ = 22.4 × 10−3 N m−1. We kept the droplet diameter fixed at D0 = 2 mm and varied
the impact velocity V0 between 0.34 m s−1 and 2.86 m s−1 by changing the height of the
needle used to dispense droplets. The corresponding range of Weber number, defined as
We = ρV2

0 D0/σ , was from 64 to 591. We used two high-speed cameras to record both side
and bottom views of the impact of falling droplets (see Appendix).

Total internal reflection recordings have been used to reveal several distinct impact and
boiling behaviours, i.e. spreading, bubbly boiling and fingering boiling, during impact
of droplets on a surface heated to temperatures below the Leidenfrost point (Khavari et
al. 2015). In particular, as the temperature increases from room temperature, the impact
behaviour transitions from spreading to bubbly boiling and fingering boiling before finally
reaching the Leidenfrost regime. The transition from one boiling regime to another is
mainly controlled by the surface temperature (Khavari et al. 2015). In each regime, and
for a fixed temperature, changing the Weber number leads to substantial variations in
the impact dynamics. In figure 1, we show a series of side- and bottom-view snapshots
of the impact of ethanol droplets in the fingering boiling regime at T = 200 ◦C and
several values of Weber numbers (see supplementary movie 1 available at https://doi.
org/10.1017/jfm.2021.745 for a synchronised recording of the side and bottom views of
typical impact behaviour in the fingering boiling regime). There are four panels, from
926 R3-2
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Time-dependent measurements of contact line

(a) T = 200 °C

(b)

(c)

(d )

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

Figure 1. Series of snapshots of impact and boiling behaviours captured at a constant surface temperature
(T = 200 ◦C) and different Weber numbers: (a) We = 64, (b) We = 130, (c) We = 372 and (d) We = 591.
Images in the same column belong to the same time after first contact (t = 0 ms). The first row of each panel
shows side-view images of impact, while the next three rows display the TIR snapshots and their corresponding
binary images of the wet area (third row) and contact lines (fourth row). All the inset scale bars represent the
length scale of 2 mm.

926 R3-3

ht
tp

s:
//

do
i.o

rg
/1

0.
10

17
/jf

m
.2

02
1.

74
5 

Pu
bl

is
he

d 
on

lin
e 

by
 C

am
br

id
ge

 U
ni

ve
rs

ity
 P

re
ss

https://doi.org/10.1017/jfm.2021.745


M. Khavari and T. Tran

10

1 2 3 4 5 6 7 8 9

(a) (b)

(c) (d )

8

6

4

15

20

15

10

5

0

10

0

5

2

0.5 1.0 1.5 2.0 2.5 3.0 3.5

A/
D

2 0
A/

D
2 0

tV0/D0 tV0/D0

0

12

10

8

6

4

1 2 3 4 5

2 4 6 8 10

2

0

T = 120°C
T = 180°C
T = 200°C
T = 220°C
T = 260°C

Figure 2. Normalised contact area A/D2
0 versus normalised time tV0/D0 for different surface temperatures:

(a) We = 64, (b) We = 130, (c) We = 372 and (d) We = 591.

figure 1(a) to figure 1(d), corresponding to four distinct values of Weber number. In each
panel, the first row shows a series of side-view snapshots of the impact at several specific
times, from the moment of impact, t = 0 ms, to t = 5.9 ms. The second row shows the
corresponding bottom-view snapshots obtained from the TIR recording. The third and
fourth rows respectively show the binary images of the wet area and the contact lines
extracted from those in the second row. We note that the snapshots in each column were
taken at the same time after the impact moment (t = 0 ms). The series of snapshots in
figure 1 illustrate how the development of fingering patterns, initiated at the temperature
T = 200 ◦C, evolves with time and changes with increasing Weber number.

Figure 2 shows the temporal change of the normalised wet area A/D2
0 for several Weber

numbers and surface temperatures. We note that since the field of view of the bottom-view
camera is insufficient to capture the entire contact area, we measured the wet area As within
a sector of central angle α and estimated the total wet area as A = 2πAs/α, assuming that
the contact area is axisymmetric about the impact point. As a droplet strikes the glass
surface, it spreads out radially because of the liquid’s inertia: the higher the kinetic energy
of the droplet, the larger the wet area. At the same time, the liquid is heated up as soon
as it comes in contact with the heated surface. With sufficiently high surface temperature,
vapour bubbles are generated at the glass–liquid interface, leading to a range of different
physical processes: the bubbles may collapse, merge with neighbouring ones or grow and
detach from the surface (see supplementary movie 2 for TIR recordings of the wet area for
a fixed Weber number (We = 591) and different surface temperatures). As the surface
temperature approaches the Leidenfrost temperature, bubble nucleation monotonically
increases, driving the system into the bubbly boiling regime and consequently reducing
the wet area. This temperature-dependence of A is illustrated by comparing the cases of
two different temperatures, T = 120 ◦C and T = 180 ◦C, in figure 2. Thus, the change in
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Figure 3. Normalised total length of contact lines L/D0 versus normalised time tV0/D0 for different surface
temperatures and Weber numbers: (a) We = 64, (b) We = 130, (c) We = 372 and (d) We = 591. The inset
snapshots of fingering patterns in (a,c) were taken at T = 200 ◦C, and their corresponding Weber numbers are
We = 64 and We = 372, respectively. The snapshots show the significant contribution of fingering patterns in
increasing the total length of contact lines.

the total wet area results from two competing effects: liquid spreading, which causes A to
increase, and boiling, which tends to reduce A.

At T = 200 ◦C, the wet area takes the shape of a fingering pattern that grows radially
as the liquid spreads on the surface (see supplementary movie 3 for TIR recordings of
fingering patterns of the same surface temperature, i.e. T = 220 ◦C, but different Weber
numbers). For each tested Weber number, we observe a considerable drop in A compared
to that at lower temperatures. The reduction in wet area persists as the surface temperature
increases until the system transitions to the Leidenfrost regime, i.e. zero wet area. In our
experiments, the Leidenfrost regime is observed at T ≥ 280 ◦C for We ≤ 130 and at T ≥
300 ◦C for We ≥ 130.

In figure 3, we show several plots of the normalised total length L/D0 of contact lines
versus the normalised time tV0/D0; each plot is obtained for a fixed Weber number and
several different temperatures. For all tested Weber numbers, L/D0 reaches its maximum
at T = 200 ◦C because of the emergence of fingering patterns. We note that although
fingering patterns are still present for T > 200 ◦C, the number of fingers decreases with
further increase in surface temperature. This is the key factor causing the decrease in
L for T > 200. In figure 3(a,c), we provide snapshots of the fingering patterns obtained
for T = 200 ◦C at t = 1.9 ms and t = 0.9 ms, respectively. The snapshots qualitatively
demonstrate how the formation of fingering patterns leads to a significant increase in L
while causing a drop in the contact area A (see data corresponding to T = 200 ◦C in
figure 2). From figure 3, it is worth noting that the dimensionless time at which L/D0
reaches its maximum is essentially independent of the Weber number; it is also almost
independent of the surface temperature for T > 120 ◦C (boiling regimes).
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Figure 4. Wetting rate S versus surface temperature T for different Weber numbers. The inset shows a plot of
the wet area A versus time t, from which S is calculated as the slope of the best linear fit to the early stage of
spreading.

We now examine how fast the liquid wets the heated surface and how the wetting rate
depends on the surface temperature and the Weber number. To this end, we determine
the wetting rate S = dA/dt at the initial moments of impact. In figure 4, we show the
plot of S versus T for different Weber numbers across all the observed regimes. We note
that, for clarity, the error bars are not shown in this plot. The inset of figure 4 shows a
respresentative plot of A versus t from which S is extracted. We observe from figure 4
that S weakly depends on T for a wide range of surface temperatures in the spreading
and bubbly boiling regimes, However, the wetting rate shows a strong dependence on the
Weber number. The most crucial observation is that the wetting rate decreases sharply
as soon as fingering formation emerges. This sets a clear distinction between the bubbly
boiling and the fingering boiling regimes. The drop in S at the transition between the
bubbly and the fingering boiling regimes is also consistent with the sharp drop in the wet
area associated with the formation of fingering patterns.

In conclusion, we have reported accurate measurements of the contact area as well
as the total length of contact lines during the impact of ethanol droplets on a heated
glass surface. Using the TIR technique combined with high-speed imaging, we obtained
real-time reduction in the wet area when the bubble nucleation initiated. We also showed
how formation of fingering patterns contributed to the increase of the total length of
contact lines. Finally, we showed that the initial wetting rate is insensitive to temperature
change in the spreading and bubbly boiling regimes, but exhibits a substantial drop when
the impact behaviour transitions from bubbly boiling to fingering boiling.

Supplementary movies. Supplementary movies are available at https://doi.org/10.1017/jfm.2021.745.
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g

D0, V0

Camera 2

Prism

θi

Laser Camera 1

Figure 5. Experimental setup for TIR measurements. The incident angle θi is required to satisfy the TIR
condition. Camera 1 captures the TIR signal at the top surface of the glass prism, i.e. the bottom view of the
impact and boiling behaviours, while camera 2 records the impact from the side.

Appendix. Experimental setup

A schematic of our experimental setup is shown in figure 5. To satisfy the required
conditions for TIR at the glass–air interface, we illuminate a red laser (λ = 640 nm)
through a glass Dove prism (N-BK7, Thorlabs Inc.) using a beam expander and mirrors.
The light directed towards the top surface of the glass prism has an incident angle of θi
satisfying the TIR condition θsa < θi < θsl, where θsa and θsl are the critical angles at the
glass–air and the glass–liquid interfaces, respectively.

The TIR condition ensures that incident light is totally reflected from the glass–air
interface (dry areas), while it is refracted into the liquid at the glass–liquid interface (wet
areas). In recorded images, the dry areas appear bright and wet areas appear dark. We use
two high-speed cameras to record the impact dynamics. Camera 1 (SA-X2, Photron Inc.)
is used to record the bottom view, and camera 2 (APX-RS, Photron Inc.) is used to record
the side view. The impact velocity (V0) and drop size (D0) of each impact experiment are
also obtained from the side-view recording.
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