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A thermal multiphase lattice Boltzmann (LB) model is used to study the behavior of droplet impact on hot surface
and the relevant heat transfer properties. After validating the correctness of the codes through the D2 law, the simulations
of intrinsic contact angle and the temperature-dependent surface tension are performed. The LB model is then used to
simulate the droplet impact on smooth and micro-hole heated surface. On the smooth surface, the impinging droplet is
reluctant to rebound, unless the intrinsic wettability of the solid surface is fairly good. On the micro-hole surface, however,
the micro-holes provide favorable sites for generating a high-pressure vapor cushion underneath the impinging droplet,
which thereby facilitates the continuous droplet rebound. For the continuously rebounding droplet. The time evolution
of volume and temperature display obvious oscillations. The achievable height of the rebounding droplet increases as
the intrinsic wettability of the solid surface becomes better, and the maximum transient heat flux is found to be directly
proportional to the droplet rebounding height. Within a certain time interval, the continuous rebounding behavior of the
droplet is favorable for enhancing the total heat quantity/heat transfer efficiency, and the influence of intrinsic wettability
on the total heat during droplet impingement is greater than that of the superheat. The LB simulations not only present
different states of droplets on hot surfaces, but also guide the design of the micro-hole surface with desirable heat transfer
properties.

Keywords: droplet rebound, heat transfer, droplet impact, lattice Boltzmann model

PACS: 47.55.dr, 68.03.Fg, 44.35.+c, 47.61.Jd DOI: 10.1088/1674-1056/abd745

1. Introduction

The heat transfer properties for the case of droplets im-
pinging on heated surfaces are of great importance in industrial
applications, such as cooling systems for electronic devices,
internal combustion engines, and alloy casting.[1,2] When a
liquid droplet is deposited on a surface having a temperature
far higher than the boiling point, the droplet is likely to be lev-
itated by its vapor due to the vigorous boiling at the droplet
bottom. This phenomenon is named the Leidenfrost effect,[3]

in which the droplet little contacts the solid surface, presenting
a superhydrophobic state. As a result, the droplet is insulated
by the vapor film and the efficiency of heat transfer to the solid
surface is somewhat low.[4]

For a liquid droplet on a hot surface, the liquid–gas phase
change not only influences the temperature field and hence the
heat transfer property, but also affects the droplet state on the
hot surface.[5] Consequently, the effects of liquid–gas phase
change, heat transfer property, and droplet state have complex
interactions. Many experimental studies have been performed
to investigate the droplet state on heated surfaces and its heat

transfer property. Shen et al.[6] used high-speed infrared ther-
mography to measure the evolving temperature of the droplets
during their impacting on a smooth hot surface and nanostruc-
tured hot surface. The morphological characteristics of the
droplets on the hot surfaces were observed, which include the
typical spreading and retraction behavior. It was found that
in the case of droplet impinging on the nanostructured surface
the heat transfer for evaporative cooling is enhanced compared
with that on the smooth surface. The dynamics and tempera-
ture variations of droplets impinging on superhydrophobic hot
surfaces were also analyzed by using simultaneous high-speed
video and infrared imaging in the work of Guo et al.[7] It was
observed that the droplet rebounds from the superhydropho-
bic surface after the spreading and retracting stages, and the
heat transfer property is dependent on the cavity fraction of
the superhydrophobic surface. Even though the experimental
setup based on infrared thermography can capture the hydro-
dynamics and temperatures of the impinging droplets on hot
surfaces, at present it is still a challenge to quantify the tem-
perature variations and heat distributions in the vapor phase,
which are supposed to influence the heat transfer efficiency.
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Owing to the rapid development of computer hardware
and numerical modeling, several computational fluid dynam-
ics (CFD) models have been developed for dealing with the
multiphase flow problems.[8,9] The techniques of numerical
modeling could fully trace the quantities of density, temper-
ature, and pressure for each node in the computation do-
main, which have attracted great attention in the research
field concerning the heat and mass transfer in a gas–liquid–
solid coexisting system.[10,11] Combined with the experi-
mental observation, a coupled level-set and volume of fluid
(VOF) model was used to simulate the gyrating motion of
an impacting droplet on a smooth surface with heterogeneous
wettability.[12] Through the simulation results, the correlation
between the driving force for the gyrating motion and the sur-
face heterogeneity was established. Pasandideh-Fard et al.[13]

studied the cooling effectiveness of a droplet impinging on
a smooth hot surface by using the VOF model. The droplet
morphological evolution and the heat transfer efficiency, un-
der the conditions of various impact velocities and surface
temperatures, were simulated and compared with the experi-
mental observation. The influence of the impact velocity on
the heat flux from the hot surface is found to be trivial. In
addition to the VOF approaches, the multiphase flow models
based on the lattice Boltzmann (LB) method have emerged as
a powerful alternative for handling the interfacial phenomena
that involve solid surfaces with complex geometries, since the
LB model inherently has the merit of easily dealing with the
solid–fluid boundary conditions.[14–16] Ma et al.[17] and Li et
al.[18] carried out the LB simulations of pool boiling on rough
surfaces having micro-pillars by using the thermal multiphase
LB model, which the calculations of fluid flow and tempera-
ture fields, as well as the liquid–gas phase change are incor-
porated into. The bubble nucleation on the micro-pillar sur-
faces and bubble morphology change during rising were repro-
duced. The local wettability and pillar geometry were found
to affect the transient heat flux on the solid–fluid boundary
drastically, and the heat transfer coefficient is not a monotonic
function of superheat. Li et al.[19] performed the LB simula-
tion of self-propelled Leidenfrost droplets on ratchet surfaces.
The driving force of the droplet motion was found to include
the asymmetry of the ratchets and the vapor flows underneath
the droplets. The phenomenon of Leidenfrost droplets over a
heated liquid pool was simulated by using a hybrid LB model
in the work of Qiao et al.[20] The simulation results not only
reproduced the distribution of temperature and velocity near
the Leidenfrost droplet, but also visualized the effects of vari-
ous dimensionless numbers on the evolution of the evaporation
dynamics.

In the previous articles by some of the present
authors,[21,22] the LB simulations of droplet condensation and
evaporation on rough surfaces composed of micro/nano-pillars

were performed under isothermal conditions. Yet, the heat
transfer properties in the cases concerning liquid–gas phase
change were not characterized. In the present work, a thermal
multiphase LB model[19,23,24] is employed to investigate the
behavior of droplet impacting on smooth surface and rough
surface, in which the rough surface is composed of micro-
holes. After validating the correctness of the code, the mor-
phologies of the droplets on the smooth and micro-hole heated
surfaces are compared with each other. The influences of in-
trinsic wettability and superheat of the surfaces on droplet state
and heat transfer property are analyzed in detail.

2. Model description
In the thermal multiphase LB model, the flow field in

a gas–liquid–solid system is calculated by the pseudopoten-
tial approach, while the heat transfer calculation is imple-
mented by the finite difference method (FDM). Unlike the tra-
ditional CFD methods that calculate the flow fields by solving
the Navier–Stokes equations, the LB model characterizes the
macroscopic flow phenomena by describing the streaming pro-
cess and collision process of the pseudoparticles. The mathe-
matical deduction of the thermal multiphase LB model can be
found in the work of Li et al.,[19,23,24] and we only present the
essence of this model in the present article.

The LB equation in the multi-relaxation-time (MRT)
scheme is written as

fi (𝑥+𝑒i∆t, t +∆t)− fi (𝑥, t)

= −
(
𝑀−1𝛬𝑀

)
i j

(
f j− f eq

j

)
+F ′i ∆t, (1)

where fi represents the distribution function and the super-
script ‘eq’ denotes the equilibrium distribution. 𝑥 and t rep-
resent the node location and time, ∆t is the time step (ts). 𝑀
and 𝑒i are the transformation matrix and discrete velocities.
The diagonal matrix, 𝛬, is expressed as

𝛬= diag
(

τ
−1
ρ ,τ−1

e ,τ−1
ζ

,τ−1
j ,τ−1

q ,τ−1
j ,τ−1

q ,τ−1
ν ,τ−1

ν

)
, (2)

where the elements are the relaxation times. In the present
work, the relaxation times are set to be τρ = τ j = 1.0, τe =

τζ = 1.25, and τq = 10/11, respectively. The values of τν ,
which determine the kinematic viscosity, are set to be 0.9 and
1.1 for the liquid phase and gas phase, respectively.

The collision process of the pseudoparticles can be ex-
pressed as

𝑚∗ =𝑚−𝛬(𝑚−𝑚eq)+∆t
(
𝐼− 𝛬

2

)
𝑆, (3)

where 𝐼 is the unit tensor, and 𝑆 represents the forcing term.
Equation (3) is obtained by left multiplying 𝑀 on the right-
hand side of Eq. (1), and 𝑚 and 𝑓 are correlated by the re-
latin 𝑚 = 𝑀 · 𝑓 . The forms of 𝑚eq and 𝑆 can be found
elsewhere.[19,23–25] After the linear transformation of 𝑓∗ =
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𝑀−1𝑚∗, the streaming process of the pseudoparticles is cal-
culated by

fi (𝑥+𝑒i∆t, t +∆t) = f ∗i (𝑥, t) . (4)

The macroscopic density and velocity of fluid are cal-
culated from ρ = ∑

i
fi and ρ𝑢 = ∑

i
𝑒i fi + 𝐹∆t/2, respec-

tively. The 𝐹 is the total force acting on the pseudoparti-
cles, which includes the gravitational force (𝐹g), fluid–fluid
cohesion force (𝐹c), and solid–fluid adhesion force (𝐹w). The
three types of forces are computed by

𝐹g(𝑥, t) = ρ(𝑥, t)𝑔, (5)

𝐹c(𝑥, t) =−Gcψ (𝑥, t)∑
i

ωiψ(𝑥+𝑒i∆t, t)𝑒i, (6)

𝐹w(x, t) =−Gwψ
2 (𝑥, t)∑

i
ωi𝑠(𝑥+𝑒i∆t, t)𝑒i, (7)

where 𝑔 is the gravitational acceleration, ψ is the pseudopo-
tential function, and s is an indicator function for marking the
solid neighboring nodes, Gc and Gw are the strength parame-
ters for regulating the fluid–fluid and solid–fluid interactions.
The value of Gw determines the intrinsic wettability of the
solid phase, ψ is defined by ψ =

√
2(PEOS−ρ/3)/Gc, where

PEOS is the local pressure calculated by the equation of state
(EOS) for the liquid–gas system. In the pseudopotential LB
model, Gc is set to be −1 for ensuring that the value inside the
square root is positive.

The Peng–Robinson EOS is selected in the present work,
which is expressed as[26]

PEOS =
ρRT

1−bρ
− aα(T )ρ2

1+2bρ−b2ρ2 , (8)

where T is the local temperature, α(T ) is written as α(T ) =[
1+(1−

√
T/Tc)(0.37464+1.5226ω−0.26992)ω2

]2
, in

which Tc is the critical temperature and ω is the acentric
factor of water. The values of Tc, a, b, and R can be found in
Table 1.

Table 1. Simulation parameters used in the present work.

Symbol Definition Value Reference

𝑔 gravitational acceleration |𝑔|= 10−5 [19]
ω acentric factor 0.344 [26]
Tc Critical temperature 0.0729 [26]
a – 2/49 [26]
b – 2/21 [26]
R – 1 [26]
cv eat capacity at constant volume 5 [19]

The equation for heat transfer calculation is written as[19]

ρcv
∂T
∂ t

= ∇ · (λ (ρ)∇T )−ρcv∇ · (𝑢T )

+T
(

∂PEOS

∂T

)
ρ

∇ ·𝑢, (9)

where λ is the local thermal conductivity defined as λ (ρ) =

0.35ρcv(1/τν −0.5)/3 and cv is the heat capacity at constant
volume.[19] The terms on the right-hand side of Eq. (9) de-
note the heat transfer caused by conduction, convection, and
liquid–gas phase change, respectively. Note that the velocity
vector, 𝑢, is obtained from the LB calculation of the flow field.
Equation (9) is solved by using the FDM, in which the central
difference algorithm is employed for the spatial discretization
within each time step and the fourth-order Runge–Kutta algo-
rithm is adopted for time marching. The simulation parame-
ters used in the present work are given in Table 1.

In the LB calculation of the flow field, the bounce-back
boundary condition is employed on the solid–fluid boundaries,
whilst the periodic boundary condition is adopted on the do-
main walls. In the heat transfer calculation, the temperatures
of the liquid and gas nodes adjacent to the solid boundaries re-
main constant, which are implemented by the Dirichlet bound-
ary condition. The boundary condition of the domain walls is
selected as the Neumann (zero-flux) type.

3. Results and discussion
3.1. The D2 law test and simulations of contact angle and

surface tension

According to the D2 law, the squared droplet diame-
ter decreases linearly with time in the case of quasi-steady
evaporation.[19,27] The D2 law can be expressed as D2 (t) =
D2

0−Kt, where K represents the evaporation rate and D0 is
the initial diameter of the droplet. To demonstrate the correct-
ness of the codes of the thermal multiphase LB model used
in the present work, the process of quasi-steady evaporation
of a droplet surrounded by the vapor is simulated. In this
section, the gravitational acceleration is set to be zero. The
thermal conductivity, λ , and the relaxation time, τν , are set
to be constants in the domain, which are identical to the as-
sumptions made in the D2 law. In a computation domain con-
sisting of 220×220 lattice units (lu), a 60-lu diameter droplet
is initialized in the center, and the initial temperature of the
droplet-vapor system is set to be the saturation temperature
(Ts = 0.88Tc). The domain wall temperature is set to be
constant (Tg = 1.0Tc). Due to the effect of the superheat
(∆T = Tg−Ts = 0.12Tc), the droplet gradually evaporates as
the simulation proceeds.

Two cases of droplet evaporation are simulated by setting
λ = 0.25 and λ = 0.5, respectively. In this section, the relax-
ation time is arranged as τν = 0.9 in the entire domain. For
simplicity, the simulation time, t, is transformed into the non-
dimensional time, t∗, by t∗ = tν/D0, in which ν is the kine-
matic viscosity calculated by ν = (1/τν −0.5)/3. The evolv-
ing droplet diameter, D(t), is normalized by D0. The non-
dimensionlization of D and t can also be found elsewhere.[19]

Thus, the D2 law can be rewritten as (D/D0)
2 = K′t∗+1. For
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the cases of λ = 0.25 and λ = 0.5, the simulated evolutions
of (D/D0)

2 with t∗ are plotted in Fig. 1, and the insets show
the droplet diameter decreasing in the process of quasi-steady
evaporation. The data in Fig. 1 are obtained from the sim-
ulations by using the thermal multiphase LB model, whilst
the dash line and solid line are the corresponding linear fit-
ting plots. The equations of the fitting lines are (D/D0)

2 =

−0.01375t∗ + 1.0033 and (D/D0)
2 = −0.02635t∗ + 1.0023

for the cases of λ = 0.25 and λ = 0.5, respectively, which
accord well with the formula of the D2 law. In addition, it can
be seen that the absolute value of the (D/D0)

2–t∗ slope (evap-
oration rate) for the case of λ = 0.25 is approximately half of
that for the case of λ = 0.5, which is identical with the result in
the work of Li et al.[19] The agreement between the simulated
results and the D2 law demonstrates the quantitative capability
of the codes of the thermal multiphase LB model.
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Fig. 1. Simulated squared non-dimensional droplet diameters versus time.
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Fig. 2. Simulated intrinsic contact angle versus solid–fluid interaction
strength.

Since the solid–fluid interaction strength, Gw, determines
the intrinsic wettability of the solid phase, it is necessary to ob-
tain the correlation between Gw and the intrinsic contact angle,
θ . In the beginning of the contact angle simulation, a droplet
with 20-lu radius is placed on the smooth surface. The tem-
perature in the computation domain is uniform and is set to be
T = 0.73Tc. After the droplet achieves the equilibrium state,
which needs 40000 ts–50000 ts in the cases, the contact angle
is determined. Figure 2 illustrates the simulated intrinsic con-
tact angle, θ , as a function of solid–fluid interaction strength,

Gw. The insets present the snapshots of different intrinsic con-
tact angles of the droplets. It is seen that the intrinsic contact
angle increases with Gw increasing, and the variation trend
of the θ–Gw curve is identical with that of previous work by
some of the present authors.[25]

In addition, the surface tension, γ , is quantified as the tem-
perature, T , evolves. In the present study, the values of the sur-
face tension are obtained according to the Laplace’s law in the
two dimensions,[25] ∆p = γ/R, where R and ∆p are the radius
and the pressure difference between the inside and the out-
side of an equilibrium droplet. Under isothermal conditions at
different temperatures, static droplets with various radii equi-
librating with the surrounding gas phase are simulated. By lin-
early fitting the ∆p–1/R plots, the slopes of the ∆p–1/R lines
correspond to the values of surface tension. Figure 3 shows
the plot of the surface tension versus temperature. The unit of
the surface tension is lu·mu·ts−2, where mu is the abbreviation
of mass unit. It can be seen that the surface tension decreases
with temperature increasing in a nearly linear manner, which
has the same trend as the experimental data of the surface ten-
sion of water.[28]
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Fig. 3. Simulated surface tension versus temperature.

3.2. Droplet impacting on smooth and rough hot surfaces

The phenomena of droplet impacting on hot surfaces are
investigated through numerical simulations using the thermal
multiphase LB model. Two types of solid surfaces are con-
sidered, i.e. smooth surface and rough surface with micro-
holes. The solid–fluid interaction strength, Gw, is set to be
−1.4, so that the intrinsic contact angle, θ , is determined to
be 21.7◦ (see Fig. 2) in this subsection. In a 300 lu×520 lu
computation domain, a 30-lu radius droplet is initialized above
the smooth/rough surface with a height of 120 lu. Under the
effect of gravity, the droplet starts to fall until touching the
smooth/rough surface. The initial temperature of the droplet
and the surrounding vapor are both set to be 0.73Tc, while the
temperature of the solid surface maintains 1.16Tc. As a result,
the superheat is calculated to be ∆T = 0.43Tc.

Figure 4 presents the morphological evolutions for wa-
ter density, pressure, and temperature fields of the droplet in
the process of impacting on the smooth hot surface, respec-
tively. Before the droplet reaches the smooth surface (see

044703-4



Chin. Phys. B Vol. 30, No. 4 (2021) 044703

3000 ts), the temperature of the droplet and the temperature of
surrounding vapor are both lower than that near the hot solid
surface. At the simulation time of 5500 ts, the droplet presents
an elongated shape after landing on the smooth surface. Lo-
cal boiling occurs in the solid–liquid contacting area, which
consumes heat, hence leading temperature to decrease in the
nearby area. As shown at 6500 ts, the droplet bounces a lit-
tle bit on the smooth surface and retracts horizontally. Under
the effect of gravity, the droplet bottom quickly returns to the
solid surface at 8000 ts and resumes to a transient spherical
shape at 8500 ts. Then, the droplet repeatedly touches and
leaves the heated surface, displaying a ‘trembling’ state on the
smooth surface until being totally evaporated. In this period,
the droplet almost remains spherical and has little morpholog-
ical change. This is because only a small portion of the droplet
bottom contacts the heated smooth surface, and local boil-

ing occurs subsequently. The small area between the droplet
and the heated surface turns into the vapor phase immediately,
so that the droplet bottom retracts and leaves the heated sur-
face. Under the effect of gravity, a small portion of the droplet
bottom contacts the heated surface again, and the local boil-
ing takes place accordingly. The repeated contacting-boiling-
leaving behavior generates the above-described ‘trembling’
state. The panels of the temperature field show that the vapor
region near the droplet becomes even cooler than the droplet.
Yet, in the panels shown by the pressure field, the pressure in
the vapor is relatively uniform, and it remains lower than that
inside the droplet. Thus, for the case of droplet impacting on
the smooth hot surface, the local boiling at the contacting area
influences the temperature field effectively. However, the ef-
fect of local boiling on the pressure distribution in the vapor is
limited.
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Fig. 4. Simulated evolution of water density, pressure, and temperature fields for droplet impacting on smooth heated surface, respectively. Simulated
evolution can also be seen in Supplementary video 1.

Figure 5 exhibits the simulated evolution of droplet im-
pacting and bouncing on the rough hot surface decorated with
micro-holes. The micro-holes are indicated by the arrows on
the first panel that is shown by the density field. The width,
spacing, and depth of the micro-holes are 5, 5, and 10 lu, re-
spectively. The other simulation conditions are identical with
those of Fig. 4. In Fig. 5, it is obvious that the droplet re-
bounds much higher than that in Fig. 4. At the simulation
time of 5000 ts, the droplet also lands and spreads on the
rough hot surface. In addition to the higher pressure inside
the droplet, however, the pressure in the micro-holes under-
neath the droplet is found to be higher than in the other vapor
areas. Accordingly, the high pressure spontaneously drives
the droplet to move upwards, which is indicated by the up-
ward flow velocity vectors around the droplet in a period from
5000 ts to 7000 ts. Then, in the process of droplet flying in
the vapor, the two ends of the droplet merge, and the droplet
presents an elongated morphology at 8000 ts. The droplet
lands on the rough surface at 12500 ts and then rebounds pe-

riodically in the following computation process. As shown by
the temperature field in Fig. 5, the heat in the micro-holes is
consumed during droplet touching the rough surface, since the
micro-holes and solid ‘pillars’ become visible in this transient
period. This is because local boiling occurs at the droplet bot-
tom when the droplet contacts the rough hot surface, which
absorbs a large amount of heat. Therefore, a great number of
water molecules turn into vapor immediately, which inflate the
micro-holes rapidly. Meanwhile, the micro-holes underneath
the droplet are blocked by the droplet, so that the vapor pres-
sure inside the micro-holes abruptly increases. As a result, a
vapor cushion with higher pressure is formed underneath the
droplet. When the underneath pressure exceeds the droplet
gravity, the droplet is forced to move upwards. The compar-
ison between Figs. 4 and 5 shows that the micro-holes in the
hot surface provide the favorable sites for generating a vapor
cushion with high pressure, which facilitates the continuous
rebound of the droplet.
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Fig. 5. Simulated evolution of water density, pressure, and temperature fields for droplet impacting on a heated micro-hole surface, respectively,
with simulated evolution seen in Supplementary video 2.
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For the simulations of droplet impacting on the smooth
and rough hot surfaces, the droplet height (HDrop), pressure
underneath the droplet (P), droplet volume (VDrop), and rel-
ative temperature of the droplet (TDrop/Tc) are recorded and
plotted in Fig. 6, respectively. In Fig. 6(a), the value of HDrop

is calculated for the centroid of the droplet. As shown in
Fig. 6(a), for the case of droplet impacting on the rough hot
surface with micro-holes, the oscillation of the droplet height
denotes the behavior of the continuous droplet rebound. The
maximum height of the rebounding droplet is found to de-
crease with time increasing before it becomes relatively sta-
ble. For the case of droplet impacting on the smooth hot sur-
face, however, the height of the droplet almost remains iden-

tical with the droplet radius after 20000 ts, implying that the
droplet is static in this period. It is seen in Fig. 6(b) that the
pressure underneath the droplet also presents obvious oscilla-
tions, which correspond to the data of droplet height plotted
in Fig. 6(a). The peaks of the pressure curve appear when the
droplet touches the surface and local boiling occurs. For the
case of droplet impacting on the smooth surface, some oscil-
lations of the pressure curve are visible in the early stage, but
they resume to a small value in the late stage. This denotes
that the gaseous water molecules produced by the local boil-
ing effect are unable to be reserved underneath the droplet, so
that high pressure is hardly generated on the smooth surface.
Moreover, as shown in Fig. 6(c), the droplet volume decreases,
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while the droplet temperature increases, varying with time in
both cases. Apparently, the decrease of the droplet volume is
due to the effect of evaporation and local boiling, while the
increase of the droplet temperature is due to the superheat be-
tween the droplet and the hot surfaces. For the case of droplet
impacting on the rough hot surface, neither the volume nor
temperature curve is smooth. This is because the decrease of
droplet volume and the increase of droplet temperature essen-
tially occur when the droplet contacts the rough surface. Since
the droplet presents a continuous rebounding behavior on the
rough surface, the curves in Figs. 6(c) and 6(d) present ob-
vious oscillations. The oscillations of the temperature curve
are also visible for the droplet impacting on the smooth sur-
face, which corresponds to the ‘trembling’ state of the droplet.
On the other hand, it is seen that within the entire simulation
process the temperature of the droplet on the rough surface
is lower than that on the smooth surface. The transient heat
flux between the hot micro-hole surface and the continuously
rebounding droplet should be higher than that in the other
case, since a greater temperature difference exists between the
droplet and the heated surface. Thus, it is expected that the
behaviour of continuous droplet rebounding on the micro-hole
surface is beneficial to elevating the efficiency of heat transfer.

3.3. Effects of intrinsic wettability on droplet rebound on
micro-hole surfaces

In order to further investigate the phenomena of droplet
rebounding on the hot surfaces with micro-holes, the LB sim-
ulations are carried out by setting different values of the solid–
fluid interaction strength, Gw. The geometrical parameters of
the micro-holes are identical with those in Fig. 5. The val-
ues of Gw are set to be Gw = −1.2 and Gw = −1.6, which
determine the intrinsic contact angles to be θ = 33.3◦ and
θ = 18.0◦, respectively. Figure 7 exhibits the simulated evolu-
tion of density, pressure, and temperature fields in the process
of droplet impacting on the heated micro-hole surfaces with in-
trinsic contact angles of θ = 33.3◦ and θ = 18.0◦. In each col-
umn, the snapshots are taken at the same time step. As shown
in Fig. 7(a), in the early stage, the droplet rebounds a little
bit. It is obvious that the pressure in the micro-holes increases
as the droplet contacts the heated surface. However, the pres-
sure is not high enough to support the continuous rebounding
behavior. As a result, in the late simulation stage, the droplet
gradually resides on the micro-hole surface and remains stable.
This phenomenon is similar to the cold Leidenfrost regime of
a droplet on a heated superhydrophobic surface reported in the
work of Bourrianne et al.[29] On the other hand, it is seen in
Fig. 7(b) that the droplet rebounds continuously in the entire
simulation period, which is similar to the case of Fig. 5. In
particular, the rebounding droplet in Fig. 7(b) is found to jump
higher than that in Fig. 5, denoting that the better intrinsic wet-
tability is beneficial to producing the continuous rebounding
behavior. In addition, it can be observed at 90000 ts that the

droplet volume in Fig. 7(b) is smaller than that in Fig. 7(a).
Thus, in the case of Fig. 7(b), bigger fraction of the droplet
evaporates in the process of continuous rebound, which con-
sumes more heat in the surrounding area of the heated surface.
Therefore, it is expected that the heat transfer efficiency for the
case of Fig. 7(b) should be better than that of Fig. 7(a).

In addition to the qualitative comparison in Fig. 7, the
time evolution of height, underneath pressure, volume, and
relative temperature of the droplets on the rough surfaces hav-
ing different intrinsic wettabilities are quantified as shown
in Fig. 8. Figure 8(a) shows for the case of Gw = −1.6
(θ = 18.0◦), the droplet height oscillates obviously, which
corresponds to the continuously rebounding behavior of the
droplet. Additionally, a comparison of Fig. 6(a) with Fig. 8(a)
shows that the peaks of the droplet height curve for the case of
Gw = −1.6 (θ = 18.0◦) in Fig. 8(a) are higher than those for
the case of Gw =−1.4 (θ = 21.7◦) in Fig. 6(a). Yet, within the
period from 0 ts to 90000 ts, the time of droplet contacting the
rough surface in the case of Gw =−1.6 (θ = 18.0◦) is smaller,
since the droplet jumps higher and spends more time in the air.
For the case of (Gw =−1.2, θ = 33.3◦), however, the oscilla-
tions are only visible in the early stage, and the droplet height
almost remains stable in the late stage. In Fig. 8(b), repeated
oscillations of the pressure underneath the droplet are ob-
served for the case of Gw =−1.6 (θ = 18.0◦) in the whole sim-
ulation period, while the pressure for the case of Gw = −1.2
(θ = 33.3◦) remains relatively stable in the late stage. Thus,
under the condition of Gw = −1.2 (θ = 33.3◦), it is demon-
strated that the vapor cushion is unable to be formed. For
the case of Gw = −1.6 (θ = 18.0◦), the P–t curve oscillates
drastically, and the transient maximum values of the under-
neath pressure are higher than those when setting Gw = −1.4
(see Fig. 6(b)). In addition, it can be seen that the varying
trends of the curves in Figs. 8(c) and 8(d) are similar to those
in Figs. 6(c) and 6(d). For the case of Gw = −1.6, the plots
of VDrop–t and TDrop/Tc–t present decreasing and increasing
tendencies with obvious fluctuations. However, the plots for
the case of Gw =−1.2 are more smooth, especially in the late
stage of the simulations. Apparently, the variations for these
curves are determined by the different states of the droplets
on the micro-hole surfaces with various intrinsic wettabili-
ties. For the rough surface having better intrinsic wettabil-
ity, the solid phase has a stronger local adsorption effect on
the fluid particles. Thus, the liquid water is easier to enter
into the micro-holes during droplet impact, and hence more
gaseous water is produced due to the immediate local boil-
ing in the micro-holes. This mechanism can also be observed
in Fig. 8(c), in which the decreasing rate of the droplet vol-
ume on the micro-hole surface with better intrinsic wettability
(Gw = −1.6, θ = 18.0◦) is apparently higher than that in the
other case. As a result, a vapor cushion with higher pressure is
generated on the micro-hole surface with better intrinsic wet-
tability, so that the droplet could bounce higher.
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angle of (a) θ = 33.3◦ and (b) θ = 18.0◦ by setting Gw =−1.2 and Gw =−1.6, with simulated evolution seen in Supplementary videos 3 and 4.
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3.4. Heat transfer analyses of droplet impacting on smooth
and micro-hole surfaces

The transient heat fluxes in the process of droplet impact-
ing on the smooth and micro-hole surfaces with various intrin-
sic wettabilities are investigated. The superheat is set to be
∆T = 0.43Tc. The transient heat flux, q, is calculated from
q(t) =

∫ Ls
0 qw (x) dx/Ls, where qw (t) = −λ (∂T/∂y)|y∈ Ls

is
the local heat flux and Ls represents the number of the solid–
fluid interface nodes.[23] For the smooth and micro-hole sur-
faces having different intrinsic wettabilities, the calculated
transient heat fluxes, q(t), at the solid boundary are plotted
in Fig. 9. Figure 9(a) shows the transient heat flux evolution
as the droplet impacts on the hot smooth surfaces. For the
cases of Gw =−1.2 (θ = 33.3◦) and Gw =−1.4 (θ = 21.7◦),
it can be seen that the transient heat flux curves present fluc-
tuations in the early stage, but gradually become flat in the
late stage. These variations of the transient heat fluxes corre-
spond to the initial rebound, oscillation, and a nearly steady
state of the droplets on the smooth surfaces. For the case of
Gw =−1.6 (θ = 18.0◦), however, the transient heat flux fluc-
tuates continuously within the period from 0 ts to 90000 ts,
indicating that the droplet repeatedly rebounds on smooth sur-
face. Figure 9(a) implies that the droplet could also present a
rebounding behavior on the heated smooth surface, only if the
surface has a very good intrinsic wettability. For the droplets
on the heated micro-hole surfaces (see Fig. 9(b)), the transient
heat flux curves for the cases of Gw = −1.6 (θ = 18.0◦) and
Gw = −1.4 (θ = 21.7◦) present obvious fluctuations. How-
ever, when setting Gw =−1.2 (θ = 33.3◦), the heat flux grad-
ually becomes stable in the late simulation stage, showing that
the droplet stops rebounding and keeps touching the surface.
On the other hand, it can be seen that the peaks of the tran-
sient heat flux for the case of Gw = −1.6 (θ = 18.0◦) are
higher than those for the case of Gw =−1.4 (θ = 21.7◦). This
is because bigger volume of liquid water evaporates for each
time of droplet rebounding on the micro-hole surface having a
smaller intrinsic contact angle, which absorbs more heat flux
from the solid surface. The comparison between Figs. 9(a)
and 9(b) indicates that a fairly good intrinsic wettability is a
necessary condition for producing the continuous rebounding
phenomenon, while the presence of micro-holes could facili-
tate the this behavior as illustrated in Figs. 4 and 5.

The peaks of the curves in Fig. 9 imply that the maximum
transient heat fluxes appear when the droplet touches the hot
surfaces. Even though the continuous droplet rebound is ca-
pable to increase the transient heat flux, it is still insufficient
to confirm whether the continuous droplet rebounding could
enhance the heat transfer efficiency. Thus, it is necessary to
calculate the total heat quantity within a simulation period to
evaluate the heat transfer efficiency. The total heat quantity,
Q, is calculated from Q =

∫ tf
0 Lsq(t) dt, where tf = 90000 ts

is the simulation-ending time. Nine cases of droplet impact-
ing on the smooth and micro-hole surfaces are simulated. The
initial droplet temperature is set to be 0.73Tc. By regulating
the solid temperature, the superheat is set to be ∆T = 0.38Tc,
∆T = 0.43Tc, and ∆T = 0.48Tc, separately. The solid–fluid
interaction strength is set to be Gw = −1.6, Gw = −1.4, and
Gw =−1.2, separately. Figure 10 shows the comparison of the
total heat quantity under the conditions described above. Ob-
viously, under the same conditions of ∆T and Gw, figures 10(a)
and 10(b) show that the total heat quantity on the smooth sur-
face is lower than that on the micro-hole surface, indicating
that the micro-hole surface has a better heat transfer efficiency.
Additionally, it can be found in Fig. 10(b) that the total heat
quantity increases as Gw decreases, showing that a better in-
trinsic wettability is beneficial to enhancing the heat transfer
efficiency in a certain period. However, for a given value of
Gw, the influence of superheat on the total heat is limited.
The red arrow in Fig. 10(b) indicates the maximum value of
the total heat quantity on the micro-hole surface, which ap-
pears at ∆T = 0.43Tc and Gw =−1.4 (θ = 21.7◦). In addition
to the effects of superheat and intrinsic wettability reported
in this work, the rebounding behavior and heat transfer prop-
erty should also be influenced by the geometrical parameters
of the micro-holes on the rough surface, i.e. width, spacing,
and depth. The effects of the geometrical parameters of the
micro-holes deserve to be further studied in the future work.
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Fig. 9. Time-dependent transient heat flux during droplet impacting on (a)
smooth and (b) rough hot surfaces with various intrinsic wettabilities.
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4. Conclusions

The phenomena of droplet impacting on hot surfaces and
the heat transfer features are studied through numerical sim-
ulation by using a thermal multiphase LB model. For the
simulation of quasi-steady evaporation, the simulated squared
droplet diameter is found to decrease linearly with time in-
creasing, which is consistent with the D2 law. The intrinsic
contact angle of the droplet, θ , and the temperature-dependent
surface tension, γ , are simulated. It is demonstrated that θ in-
creases as the solid–fluid interaction strength, Gw, increases,
while γ decreases nearly linearly with temperature rising.

The droplet impacting on the hot surface is simulated by
using the thermal multiphase model. It is revealed that a fairly
good intrinsic wettability is necessary to produce the continu-
ous rebounding behavior of the droplet, while the presence of
the micro-holes facilitates this phenomenon. For the case of
droplet impacting on the heated surface decorated with micro-
holes, the continuous rebound of the droplet is due to the pe-

riodically high-pressure vapor cushion generated by the local
boiling of the droplet bottom. It is demonstrated that the con-
tinuous droplet rebounding is beneficial to enhancing the heat
transfer efficiency. The total heat in the period from 0 ts to
90000 ts is calculated and compared as the intrinsic wettabil-
ity (Gw, θ ) and superheat (∆T ) vary. The total heat quan-
tity on the micro-holes surface is generally higher than that
on the smooth surface. It is found that the total heat on the
micro-hole surface achieves a maximum value in the case of
Gw = −1.4 (θ = 21.7◦) and ∆T = 0.43Tc. The simulation
results not only visualize the morphological evolution of the
droplets, but also provides an insight into the complex inter-
actions among the multiphase flow dynamics, heat transfer,
liquid–gas phase change, and pressure field evolution during
droplet impacting on heated surfaces.
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