
This journal is©The Royal Society of Chemistry 2019 Soft Matter

Cite this:DOI: 10.1039/c9sm00455f

Explosive bouncing on heated silicon surfaces
under low ambient pressure

Xingjian Yu, Run Hu, Xiaoyu Zhang, Bin Xie and Xiaobing Luo *

Droplet impingement on heated surfaces has been investigated by varying the surface textures, temperature,

and droplet properties with demonstration of various phenomenological behaviors, such as evaporation,

boiling, splashing, and Leidenfrost bouncing. However, the ambient pressure dependence has not been well

explored, especially for ambient pressures lower than 5 kPa. By examining the ambient pressure (from 0.2 to

20 kPa) and surface temperature (from 20 to 200 1C) simultaneously, we found a novel explosive bouncing

behavior which is different from Leidenfrost bouncing and only occurs at extremely low ambient pressure

(r6 kPa). Through experimental validation and mechanical analysis, we found that the explosive bouncing is

caused by the dramatic explosion of the local vapor bubble and reducing the ambient pressure benefits the

formation and explosion of the vapor bubble.

I. Introduction

Impinging of liquid droplets on a heated solid surface has long
been regarded as a paradigm to explore physical mechanisms in
nature and to develop a broad range of advanced technologies, such
as metal quenching,1 droplet transportation,2,3 spray cooling,4–6

falling film evaporation7 and fuel injection.8 In general, the droplets
may undergo various behaviors including evaporation,9 boiling,10

splashing11,12 and Leidenfrost bouncing,13–16 depending on the
surface properties,17–19 droplet properties,20–22 and ambient
conditions.23–25 Among the ambient conditions, the ambient
pressure was found to have influence on the Leidenfrost
temperature and the efficiency of heat exchange as the liquid
saturation temperature falls sharply with ambient pressure.24,25

In recent years, researchers have devoted significant efforts to
further investigate the dynamic droplet behaviors under ambient
pressures from 5 kPa to atmospheric pressure using high-speed
cameras.26–28 These works further illustrate the ambient
pressure dependence of the temperature boundary between
the evaporation, boiling and Leidenfrost bouncing, which is
of great importance for application of the liquid–surface inter-
action at sub-atmospheric pressure. However, as far as we are
aware, there are no works on ambient pressure below 5 kPa.
According to the previous studies,27,28 the saturation tempera-
tures of water are B33 1C at 5 kPa and B24 1C at 3 kPa, which
results in different evaporation interactions between the droplets
and the heated surface. This pressure-dependence phenomenon
would be more obvious upon further reducing the ambient

pressure, highlighting the importance of further investigation
on the ambient pressure. Hence, we would like to explore water
droplet behavior under low ambient pressure and the related
mechanism in the control of droplet behaviors.

II. Experiments

To study the droplet behaviors under low ambient pressure, we
built an experimental setup as shown in Fig. 1. A vacuum pump
(EDWAROS, RV11) was applied to impose the ambient pressure
Pa in a transparent acrylic chamber (250 � 250 � 250 mm) with
a pressure sensor (0–100 kPa with an accuracy of 0.2%) to
monitor the ambient pressure. The silicon substrate was first
immersed into an acetone solution for 15 min and washed in
ethanol solution three times, then dried in an oven at 50 1C for
30 minutes. A polished copper heater with a temperature

Fig. 1 Experimental setup.
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control precision of �1 1C was applied to heat the silicon
substrate. Deionized water droplets with a diameter of 2 mm �
10% were generated by pushing liquid from a syringe pump at a
low rate (E1 ml s�1) into a capillary needle (inner diameter of
0.11 mm, external diameter of 0.23 mm). To minimize the inertial
effect, the droplets were gently deposited onto the surface with a
small Weber number (We = rlU

2D/gE 1, in which rl is the density
of the liquid, U is the impact velocity, D is the diameter of the
droplets and g is the surface tension of the liquid) by adjusting the
height of the tip of the needle to the substrate. The behavior of
the droplets was captured using a high-speed camera (SA3 120K,
Photron) with a resolution of 1024 � 1024 dpi against a 36 W
white-light backlighting unit.

A flat polished silicon substrate with an average surface
roughness of approximately 5 nm was used in the experiments.
The substrate was first immersed into acetone solution for
15 min and washed in ethanol solution three times, then dried
in a 50 1C oven for 30 min. The static contact angle (CA) and
contact angle hysteresis (CAH) of the water droplet on the
surface were measured as 681 and 331 at 25 1C. The static CA
was measured using the drop shape analyzer (DSA25, Kruss) by
depositing a water droplet with diameter of 2 mm onto the
surface. The CAH is defined as the difference between the
advancing and receding CA which were measured as 881 and
551 using the dynamic sessile drop method.29 We repeated the
water droplet impingement experiment ten times at each
ambient pressure Pa (from 0.2 to 20 kPa) and surface tempera-
ture Ts (from 20 to 200 1C), and recorded the behavior of each
droplet one by one.

III. Results and discussion

Fig. 2a summarizes the behavior of the droplets on the flat
silicon surface under various ambient pressures and surface
temperatures. It shows that besides evaporation, boiling and
Leidenfrost bouncing behaviors, a novel kind of droplet beha-
vior (the dashed region) was found under a low Pa (r6 kPa) and
moderate Ts (from 60 to 160 1C). We define this droplet
behavior as explosive bouncing as it acquires the energy for
bouncing from the explosion of the vapor bubble, the typical
droplet behavior is shown in Fig. 2b. In comparison, Leiden-
frost bouncing with the same surface overheat (DT = Ts � Tsa, in
which Tsa is the saturation temperature of the liquid) is plotted
in Fig. 2c. Despite being under the same DT, the droplet
undergoes different droplet morphologies in the explosive
bouncing and Leidenfrost bouncing. We propose that the
difference lies in the function of the vapor. To verify this point,
we built a frustrated total internal reflection (FTIR) setup, as
shown as Fig. 3a,13,27 to record the bottom view of the droplet,
which can distinguish the wetted area from the vapor bubbles.
For Leidenfrost bouncing in Fig. 3b, no liquid–surface inter-
face was observed which indicates that the vapor forms a
continuous thin layer beneath the droplet. The thin vapor layer
prevents the droplet from wetting the surface, therefore the
droplet bounces off the surface gently. In contrast, for the
explosive bouncing shown as Fig. 3c, the vapor fails to form a
continuous thin layer to float the droplet, but only yields a local
vapor bubble. The vapor bubble expands rapidly owing to the
high surface overheat and explodes dramatically soon after the

Fig. 2 (a) Phase diagram of the droplet behaviors under various ambient pressures and surface temperatures. Four typical droplet behaviors are
observed, including evaporation (black square), boiling (red circle), explosive bouncing (pink lower triangle), and Leidenfrost (blue upper triangle).
(b) Explosive bouncing under an ambient pressure of 4 kPa and surface temperature of 110 1C. (c) Leidenfrost bouncing under an ambient pressure of
12 kPa and surface temperature of 130 1C. The water saturation temperatures, Tsa, at 4 and 12 kPa are B29 1C and B49 1C, respectively, therefore both
the surface overheat, DT, of explosive bouncing and Leidenfrost bouncing are B81 1C. The water saturation temperatures are derived from ref. 30.
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droplet contacts the surface, providing abundant energy to
generate the explosive bouncing phenomenon.

Moreover, from Fig. 2 and 3, we can see that the ambient
pressure plays an important role in determining the appearance
of explosive bouncing. We propose that there are two necessary
conditions for triggering explosive bouncing: (i) a sufficiently
large liquid–surface contact area to provide an enclosed space
for local vapor bubble formation; (ii) a sufficiently high surface
overheat to generate large amounts of vapor instantly. These two
conditions determine the fact that explosive bouncing can only
take place under low ambient pressure and moderate surface
temperature conditions. To prove this point, we conducted
qualitative mechanical analysis for two typical droplet states:
(i) the initial impact state shown in Fig. 4a; and (ii) the local
vapor bubble accumulation state shown in Fig. 4b.

For the initial impact state shown in Fig. 4a, the droplet
suffers from gravity, inertial force, vapor pressure Pv1 and gas
pressure Pg, which determines the wetting or non-wetting state
of the droplet. Once the gravity and inertial force overwhelm Pv1

and Pg, the droplet wets the surface. Otherwise, the droplet
cannot wet the surface and presents Leidenfrost bouncing
behavior. In our experiments, the gravity and inertial force
were constant. However, the Pg is strongly related to the
ambient pressure. It is reported that when a droplet falls down
to the substrate, part of the gas that is confined between the
droplet and substrate is compressed into a thin layer, which
provides substantial pressure Pg to prevent the droplet from
wetting the surface in a short or long period of time.31,32

Obviously, Pg decreases sharply with the ambient pressure.
Therefore, under low ambient pressure, it is easier for the

Fig. 3 (a) Schematic diagram of the FTIR setup. All of the components are placed inside the vacuum chamber shown in Fig. 1 except for the high-speed
cameras. A flat transparent sapphire prism is used so that both the bottom and side views can be recorded. (b) Leidenfrost bouncing under an ambient
pressure of 8 kPa and a surface temperature of 120 1C. (c) Explosive bouncing under an ambient pressure of 0.2 kPa and a surface temperature of 70 1C.
The black (white) region represents the liquid–surface (vapor–surface) interface.

Fig. 4 Mechanical analysis of two typical impact states. (a) Initial impact state. (b) Local vapor layer accumulation state. (c) Measurement of the air
temperature Ta on the droplet temperature at release Td. (d) Ta under various ambient pressures and surface temperatures. (e) Td under various ambient
pressures and surface temperatures. The saturation temperatures and freezing points of the water were obtained from ref. 30.
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droplet to wet the surface to provide an enclosed space for local
vapor layer formation. The formation of Pv1 is similar to that
of Pg. Owing to the evaporation of the droplet, part of the vapor
that is confined between the droplet and the substrate is
compressed into a thin layer, which contributes to the formation
of Pv1. Therefore, the Pv1 is strongly related to the temperature
difference between the droplet temperature and the water
saturation temperature. In the experiments, the initial tempera-
ture of the water was close to 25 � 1 1C. However, it takes
approximately 15 s for the water to accumulate and release from
the needle, resulting in a temperature variation in water owing to
the interplay between the evaporation and heat transfer from the
heated surface and the surrounding air. Therefore, we measured
the droplet temperature Td at release and the air temperature Ta

around the droplet using two tiny thermocouples (TT-K-36-SLE
with diameter of 0.1 mm, Omega) as shown in Fig. 4c. Fig. 4d
and e show the Ta and Td under various ambient pressures and
surface temperatures. It shows that the Ta increases with the Ts

but barely changes with the Pa. In addition, the Ta is much
higher than the Td, which indicates that the droplet can be
sufficiently heated by the surrounding air. Owing to the heating
process and low ambient pressure, the droplet evaporates and
takes heat from the water itself. As a result, the Td drops below
its initial temperature for the majority of the conditions. More-
over, Fig. 4e shows that the Td varies from �10 to 40 1C as the
Pa and Ts changes. However, freezing rarely occurs as the droplet
temperature is lower than the freezing point of water in only a
few conditions. Moreover, as we used pure deionized water and
there is almost no dust and impurities in the vacuum chamber
under low ambient pressure, the water can remain subcooled
owing to the lack of the crystal nucleus that is required for
freezing. The Td is very important for determining the Pv1. As
shown in Fig. 4e, the Td increases with the Ts, which increases
the Pv1 owing to the higher temperature difference between the
Td and water saturation temperature. Under a high surface
temperature, the Pv1 would be large enough to prevent the
droplet from wetting the surface, even the when the Pg is
approximately 0 under an ultra-low ambient pressure. Therefore,
no explosive bouncing was observed when the surface tempera-
ture was higher than 170 1C, as shown in Fig. 2a.

After the droplet wets the surface, the local vapor layer
generates and accumulates at the liquid–substrate contact sur-
face, as shown in Fig. 4b. The vapor explodes violently and
levitates the droplet if Pv overwhelms the capillary pressure DP,
gravity and ambient pressure Pa. Otherwise, the vapor bubble
explodes gently and fails to levitate the droplet, which is known
as a boiling phenomenon.

The vapor pressure Pv can be calculated by establishing the
mass conservation equation of vapor. After the droplet contacts
with the surface for time t, the mass of the generated vapor can
be calculated as:

mvapor ¼
ðt
0

qA

hfg
dt (1)

In which q is the heat flux from the hot surface, hfg is the latent
heat of vaporization, t is residence time and A is the area of the
contact surface. The heat flux q can be expressed as:33

q = keffDT/e (2)

In which keff is effective thermal conductivity, e is the effective
thickness of the vapor and DT is the surface overheat.

By introducing the ideal gas equation, the Pv can be
expressed as:

Pv ¼
mvaporRT

MVvapor
¼

Ð t
0RT

keffADT
hfge

dt

MVvapor
(3)

In which R is the universal gas constant, T is the temperature of
the vapor, M is the molecular molar mass of the vapor and Vvap

is the volume of the vapor bubble. It shows that the vapor
pressure increases with the surface overheat DT, contact area
(contact line) A and residence time t.

The characteristic curvature of the interface leads to a
capillary pressure DP B 2g/r, in which the r represents the
curvature of the interface. The maximum capillary pressure can
be calculated as DPmax E 2 � 0.072/0.001 = 144 Pa, which is
much smaller than the ambient pressure. Therefore, reducing
the ambient pressure can significantly decrease the critical
pressure for the explosion of the vapor bubble.

Fig. 5 Explosive bouncing on flat silicon surface under a Pa of 0.2 kPa and different surface temperatures.
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In summary, reducing the ambient pressure benefits explosive
bouncing in two ways: (i) making it easier for the droplet to wet
the surface under high DT and contribute to the formation of the
local vapor bubble; and (ii) decreasing the critical pressure for the
explosion of vapor bubble.

Fig. 5 shows the explosive bouncing on a flat silicon surface
under an ambient pressure of 0.2 kPa and different surface
temperatures. In contrast to the Leidenfrost bouncing shown in
Fig. 2c, the droplet deformation of explosive bouncing is
strongly related to the Pa and Ts. For Leidenfrost bouncing,
the thin vapor layer simply acts as a barrier to prevent the
droplet from wetting the surface, therefore the droplet bounces
under the conversion of its own kinetic energy, surface energy
and potential energy. As a result, the droplet deformation (such
as the maximum deformation diameter and bouncing height
shown in Fig. 2c and 3b) is predictable and barely changes with
the Pa and Ts. However, for explosive bouncing, the droplet
obtains its bouncing energy from the explosion of the local
vapor bubble, which is violent and metastable. Therefore, the
droplet deformation changes with Pa and Ts significantly. To
quantitatively characterize the droplet deformation of explosive
bouncing, we measured the residence time t, maximum contact
diameter d and maximum deformation diameter D and the
results are shown in Fig. 6. The residence time t is defined
as the duration of time from the initial contact to the initial
pop-up state and the definitions of d and D are shown in
Fig. 6b. As the explosion of the vapor bubble disrupts the
lower-part of the droplet and pushes the droplet to move away
from the center of the droplet, the maximum deformation
diameter D appears after the droplet bounces off the surface.
t and d monotonously decrease with Ts which can be easily
understood as a higher Ts leads to a higher rate of vapor
generation and quicker accumulation of vapor. Compared to
the t and d, the D presents a non-monotonous relationship with
Ts. The D is mainly determined by the amount of energy that is
transferred from the vapor bubble explosion to the lower-part
of the droplet. There are two key factors affecting the energy
transfer: (i) d, a larger d means more of the droplet gains kinetic
energy from the explosion of the vapor bubble; (ii) Ts, a higher
Ts leads to a more violent vapor bubble explosion which

transfers more energy to the unit mass droplet. Although the
vapor bubble explosion is faster and more violent with a higher
Ts, the d monotonously decreases as the Ts increases. As a result,
the D increases before a Ts of 80 1C and decreases afterwards.

IV. Conclusion

In summary, we experimentally investigated the behavior of water
droplets on a heated flat silicon surface under a low ambient
pressure. In addition to evaporation, boiling, and Leidenfrost
bouncing, a novel explosive bouncing behavior was observed under
low ambient pressure (r6 kPa) and moderate surface temperature
(from 60 to 160 1C). The underlying physics was further analyzed
using qualitative mechanical analysis. The present study supple-
ments a feasible strategy to control droplet impingement behaviors
on heated surfaces, which could highlight further applications of
liquid–surface interactions at low ambient pressures.
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