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Ionic liquid drop impact onto heated surfaces
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Ionic liquids (ILs), molten salts at low temperatures, are nonionizing, thermally stable,
and with low vapor pressure, thereby offering promising applications for lubrication,
cooling, and combustion, where drop impact on a heated surface plays a vital role. Drop
impact on heated surfaces has been extensively investigated with molecular liquid drops,
such as water and ethanol, but rarely explored with ILs. We experimentally investigate the
impact dynamics of three types of IL drops onto a heated flat surface under broad ranges
of impact velocity (0.18 � U � 4.22 m/s) and surface temperature (18 � Ts � 455 ◦C).
The impact events observed with the ILs include spreading, spreading with bubbling, and
splashing with bubbling. However, the dynamic Leidenfrost effect with an insulating vapor
film causing droplet rebound, typically recorded for molecular liquid drops under an initial
impact velocity, is not observed for the IL liquids under similar Weber number (We ≈ 2)
and surface temperature (at Ts = 350 ◦C). This suppression is attributed to the low gas
pressure underneath the IL droplet, induced by evaporation and thermal decomposition
of ILs, and can significantly benefit various thermal applications such as cooling and
coating. Finally, the maximum spreading factor of the IL drops is modeled using an energy
conservation concept and is consistent with experimental results.

DOI: 10.1103/PhysRevFluids.8.073602

I. INTRODUCTION

The fundamentals of drop impact dynamics on heated surfaces crucially affect a variety of
applications, for example, cooling [1–4], coating [5,6], and combustion [7–9]. Researchers have
extensively worked on molecular droplets, e.g., water, ethanol, and diesel, impacting on heated
surfaces [10–13]. The impact dynamics and outcomes on heated surfaces are significantly influenced
by droplet properties, for instance, the Weber number [14] and saturation temperature [15–18],
surface parameters (e.g., temperature [15–18], textures and roughness [19–24]), as well as ambient
pressure [25]. Due to evaporation and boiling, distinct impact events of secondary atomization [16],
central jetting [22–24], and break-up [23,24] are triggered as droplets undergo phase changes when
impacting heated surfaces.

When a droplet (with a negligible impact velocity) gently deposits on heated surfaces where
the surface temperature (Ts) is far greater than the liquid saturation temperature, the droplet can
be levitated by a vapor cushion generated by evaporation, preventing the droplet from physically
contacting the heated surface, known as the (static) Leidenfrost effect [26]. As a droplet impacts
(with an initial velocity) on high-Ts surfaces, the vapor cushion could exist and possibly induces a
complete rebound, termed the dynamic Leidenfrost effect [27–31]. Such an intervening vapor film
can benefit drag reduction [32] but impede heat transfer [33]. The corresponding critical surface
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TABLE I. Density (ρ), surface tension (σ ), dynamic viscosity (μ), and decomposition temperature (Tonset)
of the ionic liquids at standard pressure and temperature (20 ◦C).

Liquids Density, ρ Surface tension, σ Dynamic viscosity, μ Decomposition temperature, Tonset

(kg/m3) (mN/m) (mPa s) (◦C)

[EMIM][SCN] 1120 36.1 33 242
[EMIM][BF4] 1280 44.1 39 412
[BMIM][PF6] 1350 42.5 304 385
Milli-Q water 998 72.0 1 Tb = 100a

aTb is the saturation temperature of Milli-Q water.

temperature, known as the Leidenfrost point, can be influenced by structured thermal armors [33],
micro/nanotextures [34], roughness [35], surfactants [36], and electric fields [37].

Ionic liquids (ILs), comprised of cations and anions, are nonmolecular liquids and known as
molten salts at low temperatures. ILs are generally poor to moderate electrical conductors, nonion-
izing, and thermally stable and frequently exhibit low vapor pressure [38,39]. Moreover, ILs have
a significant advantage in terms of design ability due to the substantial combination possibilities of
cations and anions [40], making them suitable candidates in the applications of combustion, cooling,
and coating [39–42]. Unlike molecular liquids, evaporation and/or decomposition could occur as
the temperature of ILs increases [39,42]. The boiling and evaporation of molecular liquids (such as
water and ethanol) is a physical process, whereas the thermal decomposition of ILs is a chemical
process. Therefore, the impact dynamics of ILs may considerably differ from those of molecular
liquids and hence warrants systematic investigations. However, to the best of our knowledge, there
is only one study reporting the spreading of an ionic liquid (1-ethyl-3-methylimidazolium acetate,
[Emim]Ac) drop impacting on a mildly heated solid surface (Ts � 110 ◦C) [43].

Here we examine the impact dynamics of ILs drops impacting on flat heated glass. The impact
outcomes of spreading, bubbling, and splashing are observed under our experimental conditions.
However, events like break-up, secondary atomization, and Leidenfrost effect, typically observed
with molecular liquids, are suppressed by the ILs utilized because of their thermal stability and the
low gas pressure produced by evaporation and thermal decomposition. Furthermore, the maximum
spreading factor of IL drops is theoretically modeled and validated experimentally.

II. EXPERIMENTAL

The experiments of drop impact were conducted under the room temperature of 18 ◦C and
an atmospheric pressure of 101 kPa. Three kinds of ionic liquid, [EMIM][SCN] (1-ethyl-3-
methylimidazolium thiocyanate), [EMIM][BF4] (1-ethyl-3-methylimidazolium tetrafluoroborate),
and [BMIM][PF6] (1-butyl-3-methylimidazolium hexafluorophosphate) (Monils Chem.), were uti-
lized. To obtain the pure ionic liquid (>99%), they were left in a vacuum (≈ 1 Pa) for 24 hr to
remove impurities, e.g., gas and water. The density (ρ), surface tension (σ ), dynamic viscosity (μ),
and decomposition temperature (Tonset) of the ionic liquids are listed in Table I. We used the same
methods and procedures as Ref. [44] for measuring σ and μ. A blunt needle (20G) and a syringe
pump (Chemyx fusion 200) were used to generate single droplets. A droplet detaches from the
needle when its weight overcomes the surface tension, forming a uniform initial diameter (D0).
The droplet then free falls from an initial height ranging from 5 to 1000 mm. The impact velocity
range is 0.18 m/s � U � 4.22 m/s, determined by image analysis of tracking the droplet dis-
placement varying with time. The Weber number (We = ρU 2D0/σ ) and Reynolds (Re = ρUD0/μ)
number ranges explored are 2 � We � 1377 and 2 � Re � 376, respectively, The former compares
the drop’s kinetic to surface energy, whereas the latter characterizes the inertia to viscous effect. The
values of We and Re are estimated using the liquid properties at standard pressure and temperature
(20 ◦C) unless they are specified differently. The solid surface is a flat silica glass heated by a
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FIG. 1. Phase diagrams of (a) [EMIM][SCN] ionic liquid and (b) Milli-Q water drops impacting on heated
glass at a wide range of Weber number (We) and surface temperature (Ts). (b) Reconstructed from Ref. [16]
for comparison. The impact outcomes of spreading ( ), spreading with bubbling ( ), and splashing with
bubbling ( ) are observed with [EMIM][SCN] drops, and spreading ( ), complete rebound (i.e., dynamic
Leidenfrost effect) ( ), and spreading with atomizating ( ) with Milli-Q water drops. We is calculated using
drop properties at standard pressure and temperature. The errors in We and Ts are ≈ 6.7% and 5 ◦C, respectively.

customized heater, and the glass temperature range is 18 ◦C � Ts � 455 ◦C. The glass surface is
replaced by a fresh one after each test to guarantee cleanness. A high-speed camera (Photron Nova
S12) is utilized to capture the side view of impact dynamics at 12 800 fps. Further experimental
details are described in the Supplemental Material [45].

III. RESULTS AND DISCUSSION

Figure 1(a) shows the phase diagram and representative snapshots of [EMIM][SCN] drops
impacting on a heated glass under various We and Ts. The resulting impact outcomes comprise
spreading, spreading with bubbling, and splashing with bubbling, and their sequential snapshots
are displayed in Fig. S2 [45]. In comparison, the splashing with bubbling is not observed with
[EMIM][BF4] and [BMIM][PF6] (see Fig. S4 [45]), which will be discussed later. The phase
diagram of Milli-Q water drops under similar conditions is reconstructed from our previous study
[16] for comparison. Milli-Q water is simply water purified using a Millipore Milli-Q laboratory
water system to possess consistent ionic purity (with an electrical resistivity of 18.2 M� cm at
25 ◦C); its properties are listed in Table I. As shown in Fig. 1(b), the impact outcomes of water
drops can be classified into spreading, complete rebound (i.e., dynamic Leidenfrost effect), and
spreading with atomizating.

Spreading is the sole observed impact event for all IL drops explored as Ts is less than or
marginally above Tonset. The IL droplets spread first, retract after reaching the maximum spreading
diameter, and adhere to the glass surface. With IL droplets, due to their thermal stability, we do
not observe the typical events of bubbling within the droplet and secondary atomization outside the
droplet (due to the boiling and evaporation) at relatively high Ts (>250 ◦C), as typically seen with
the molecular liquid [15,23] [Fig. 1(b)].

When Ts is greater than Tonset, spreading with bubbling is observed with all IL drops utilized.
The bubbles appear inside the IL droplets during impact, as shown in Fig. 1(a). ILs generally
degrade above Tonset, undergoing so-called thermal decomposition [40]. Most of the thermal de-
composition processes of ILs are the substituent reaction between an anion and a cation [40],
and the decomposition product comprises volatile gases [39]. The bubbles (recorded inside the IL
droplets) are caused by the volatile gas generated at the liquid-surface interface. Meanwhile, smoke
as the decomposition product of ILs is observed, as illustrated by the representative snapshot in
Fig. 1(a) and close-up snapshots (Fig. S3 [45]). Sporadic and tiny secondary droplets exist around
the main body, similar to the secondary atomization caused by molecular liquids (Milli-Q water)
on heated surfaces [Fig. 1(b)]. However, the number, density, and diameter of secondary droplets
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of ILs due to chemical decomposition are far less than those of the molecular liquids due to boiling
and evaporation.

Under high We and Ts ranges, splashing occurs with [EMIM][SCN] droplets, with small values
of surface tension and viscosity (see Table I). Conversely, splashing is hardly observed with
[EMIM][BF4] and [BMIM][PF6] under the conditions explored (see Fig. S4 [45]), suggesting that
the lower the surface tension and viscosity, the easier it is to trigger the splashing, consistent with the
molecular liquid case [46]. In low-Ts range, the splashing is absent within the We range explored
for all the ILs under our experimental conditions. Since ILs are generally viscous, splashing can
be expected at a significantly high impact velocity at the low-Ts range for ILs, which should be
greater than the current maximum impact velocity (4.22 m/s) in our study. The droplet viscosity
exponentially reduces with the increase of temperature [see Eq. (4)]. Hence, at the high-Ts range,
we can observe the splashing with [EMIM][SCN] droplets at a moderate impact velocity [at 2.71
m/s shown in Fig. 1(a)].

As illustrated by Fig. 1(b) inset, the dynamic Leidenfrost effect exhibiting a complete rebound is
recorded with the Milli-Q water drop at the low-We and high-Ts range. The water drop deposits,
spreads, retracts, and rebounds on an insulating vapor film, eventually leading to a complete
rebound. However, the dynamic Leidenfrost effect is not observed for ILs drops in the We and
Ts ranges explored. The occurrence of the Leidenfrost phenomenon can be determined by whether
the gas pressure (underneath the droplet), Pg, generated by the evaporation and the decomposition
of ILs can overcome the droplet’s dynamic impact pressure (Pd ∼ ρU 2) [22,23,27]. We will now
estimate Pg and Pd to explain the absence of the dynamic Leidenfrost effect under our conditions.

To estimate the gas pressure (Pg) underneath Leidenfrost droplets, the deformed droplet is
simplified as a disk sitting on a flatted incompressible gas layer with a height of hg. The disk
diameter is approximated using the maximum spreading diameter of the droplet (Dm), and the disk
height (H) can be calculated from volume conservation, D3

0 ∼ D2
mH . As experimentally revealed in

Refs. [28,47], hg approximately ranges from 1 μm to 100 μm, leading to hg/Dm � 1. Accordingly,
the lubrication approximation, Pg/Dm = μgUg/h2

g, can be utilized to evaluate Pg, where μg and Ug

are the gas dynamic viscosity and average escaping velocity, respectively. The gas mass flow rate
caused by the escaping is expressed by ṁ ∼ ρgUghgDm, where ρg stands for the gas density. The gas
pressure hence scales with

Pg ∼ μg

ρg

ṁ

h3
g

. (1)

The gas dynamic viscosity (μg) and density (ρg) slightly change with the gas species (generally in
the same order of magnitude for the different gas species). Consequently the gas pressure (Pg) is
primarily determined by ṁ and hg, as revealed by Eq. (1).

During the dynamic Leidenfrost event, the droplet retracts after achieving its maximum spreading
diameter and then rebounds off the heated surface. The droplet’s retraction is influenced by capil-
lary force [Fc ∼ (σ/H )D2

m] and the viscous force [Fg ∼ μg(Ug/hg)D2
m] exerted by the gas layer.

A decrease in surface tension reduces Fc. Qualitatively, Fg is supposed to be reduced when Fc

decreases, thereby increasing hg. Some research effort has been devoted to correlating the hg with
drop properties [27,31,48,49]. Shirota et al. [27] studied the length scale of the dynamic Leidenfrost
effect and proposed hg ∼ D0(St)−2/3, where St = ρD0U/μg is the Stokes number. This relation can
be expressed in terms of the Weber number, hg ∼ D0(ρD0U/μg)−2/3 = D0(1/We)2/3(μgU/σ )2/3.
Hence, at the same Weber number, hg is inversely proportional to the drop surface tension (σ ).
Gauthier et al. [47] experimentally measured the gas layer height underneath the static Leidenfrost
drops levitating on a heated spinning surface. Two liquids with the same viscosity but different
surface tension, silicone oil (21 mN/m) and a mixture of glycerol and water (64 mN/m), were
utilized. The measured results [Fig. 2(c) in Ref. [47]] indicate that the thin-film layer height for
silicone oil is larger than that for the glycerol mixture under the same conditions. Another theoretical
analysis shows that the gas layer height inversely correlates with the surface tension for the static
Leidenfrost drops [50]. By the same token, here we assume that the similar relationship of lower

073602-4



IONIC LIQUID DROP IMPACT ONTO HEATED SURFACES

σ leading to a higher hg (shown in the above Leidenfrost observations) holds for the dynamic
Leidenfrost event.

To estimate ṁ in Eq. (1), we assume ṁ, resulting from the escaping gas underneath the droplet, is
balanced by the gas generated by the IL evaporation/decomposition during the dynamic Leidenfrost
event. More specifically, volatile gas is generated because of the evaporation and decomposition
when the ILs temperature rises [39]. ILs thermally decompose via a reaction of one cation with one
anion, and the concentrations of cations and anions in the bulk ionic liquid remain constant. The
decomposition rate (wd ) can be expressed in terms of the molar proportion of the ionic liquid that
has decomposed as a function of time using the Arrhenius equation [51]:

wd = Ak exp

(−Ea

RTd

)
, (2)

where Ak is the prefactor with the unit of time (min−1), Ea is the activation energy, R is the universal
gas constant, and Td is the droplet temperature. When the contribution of evaporation is assumed to
be small, overall Ak and Ea encompassing both evaporation and decomposition can be determined
from the thermogravimetric analysis [39]. We hence assume that the maximum gas mass flow rate
produced by the evaporation and decomposition of the ILs can be estimated by Eq. (2).

Considering the evaporation contribution of molecular liquid drops, the thermal transfer through
conduction during the Leidenfrost effect can be modeled using Fourier’s law, Q̇ = λ�TA/h, where
λ is the thermal conductivity of the vapor, h is the height of the vapor layer, A ≈ π (D0/2)2 is the
cross-sectional surface area, and �T is the temperature difference between the droplet (Td ) and
solid surface. Hence, the gas mass flow rate, ṁ, caused by the evaporation can be approximated as
ṁ = λ�TA/(hL), where L is the latent energy [23,52]. ṁ can then be expressed in terms of the
mass proportion (we) due to evaporation:

we = ṁ

m
= 3λ�T

2ρhLD0
, (3)

where m = ρπD3
0/6 is the initial mass of the droplet.

As shown in Fig. 1(b), a dynamic Leidenfrost effect exhibiting complete rebound is observed
when a Milli-Q water droplet with We = 2 (D0 = 2.35 mm and U = 0.22 m/s) impacts on a
heated surface at Ts = 350 ◦C and Ts = 400 ◦C, but not at Ts = 300 ◦C. The thermal conductivities
of water vapor at Ts = 300 ◦C, 350 ◦C, and 400 ◦C are λ = 0.044, 0.049, and 0.055 W/(m K),
respectively [53]. Here we assume that h holds constant at 300 ◦C � Ts � 400 ◦C. According to the
experimental measurement with x-ray imaging for dynamic Leidenfrost drops [28], we approximate
h ≈ 50μm. With the conditions of D ≈ D0 and �T = Ts − Td ≈ Ts assuming the drop temperature
Td is much smaller than Ts, the gas mass flow rate is calculated to be we ≈ 7.4 × 10−2 s−1,
we ≈ 9.7 × 10−2 s−1, and we ≈ 1.24 × 10−1 s−1 at Ts = 300 ◦C, 350 ◦C, and 400 ◦C, respectively.
Using Milli-Q water drop data, the criterion of gas mass flow rate for the appearance of the dynamic
Leidenfrost effect (or for the gas pressure overcoming the dynamic pressure, i.e., Pg = Pd ) under
We = 2 and Ts = 350 ◦C would be we ≈ 10−1 s−1.

Taking [BMIM][PF6] as an example, its experimental measured properties are Ak ∼
O(1010) min−1 and Ea = 137.8 kJ/mol [39,40]. Although there have been several studies on
temperature variation of droplets on heated surfaces [1,16,17,54], a precise relation between Td

and Ts is unavailable theoretically and experimentally so far since it is challenging to measure
Td accurately using direct methods, especially during the ultrafast dynamics of drop impact and
spreading. The previous work [1,16–18] pointed out that Td varies with the impact time, impact
velocity, thermal effusivity, specific heat capacity, surface temperature, etc., implying a complicated
relationship between Td and Ts. Taking into account the fact that Td is always lower than Ts, the
maximum gas mass flow rate can be estimated with Eq. (2) by replacing Td with Ts since wd is
proportional to Td . The maximum gas mass flow rate of [BMIM][PF6] induced by decomposition
and evaporation is estimated to be wd ≈ 4.7 × 10−4 s−1 at We = 2 and Ts = 350 ◦C.
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FIG. 2. Variation of the maximum spreading factor (βm = Dm/D0) of ionic liquid drops with the (a) Weber
number (We), (b) impact parameter of p ≡ WeRe−2/5 defined by Laan et al. [55], and (c) Reynolds number
(Re) at a surface temperature of Ts = 18 ◦C. The values of We and Re are estimated using drop properties at
standard pressure and temperature. The error of the measured βm is ≈3%.

At the same conditions (We = 2 and Ts = 350 ◦C), the gas mass flow rate (wd ∼ 10−4 s−1) of
[BMIM][PF6] drops is significantly less than that of Milli-Q water drops (we ∼ 10−1 s−1), but
hg of the [BMIM][PF6] drops is higher than that of Milli-Q water drops due to the low surface
tension. Therefore, on the one hand, Pg underneath the [BMIM][PF6] drops is at least three orders
of magnitude lower than that of Milli-Q water drops at the same conditions, as revealed by Eq. (1).
On the other hand, the dynamic pressure can be expressed using the Weber number, Pd ∼ ρU 2 =
Weσ/D0. At the same We, the dynamic pressure of water and IL drops is slightly different but on the
same order of magnitude. Therefore, Pg � Pd is estimated for ILs drops at We = 2 and Ts = 350 ◦C,
and accordingly the dynamic Leidenfrost effect could not be observed for the ILs used. Nonetheless,
for a broad spectrum of ILs, it may still be possible to observe the dynamic Leidenfrost effect,
especially for a large Ak combined with a small Ea, as suggested by Eq. (2).

Overall, the impact events of the break-up, massive secondary atomization, and Leidenfrost
effect, typically observed for molecular liquid droplets impacting a flat heated surface [15,16], were
absent with IL drops benefiting from the thermal stability.

We now examine the IL drops’ maximum spreading factor (βm), defined as βm = Dm/D0, the
ratio of the maximum spreading diameter (Dm) to the initial droplet diameter (D0). Figure 2 shows
the variation of βm with We and Re for different ionic liquids at Ts = 18 ◦C. Various theoretical
models exist concerning the dependence of βm on various parameters in the literature [55–58].
For example, an energy-conservation model of βm ∼ We1/2 [55,56] is proposed by assuming that
the kinetic energy of the droplet is completely converted into surface energy as Dm is reached.
Differently, Clanet et al. [56] theoretically derived βm ∼ We1/4 from the momentum and volume
conservation perspective, which is in good agreement with the experimental data of low-viscous
Milli-Q water [23,56]. However, the results in Fig. 2(a) indicate that the trend of the IL drops’ βm

deviates from these classical power laws of βm ∼ We1/4 and βm ∼ We1/2 because ILs are generally
more viscous than water (by ≈30× to 300×; see Table I).

In addition, Laan et al. [55] proposed a universal scaling law of (Dm/D0)Re−1/5 = p1/2/(A +
p1/2) using the impact parameter of p ≡ WeRe−2/5, where A is a fitting constant. The impact
parameter p is introduced to distinguish the two asymptotic regimes, namely, the inviscid regime
(p � 1) and the high-viscous regime (p � 1). The fluid viscosity dominates the spreading in
the high-viscous regime, while the capillarity dominates in the inviscid regime. The scaling law
is deduced as βm ∼ We1/2 and βm ∼ Re1/4 for the inviscid regime and the high-viscous regime
through energy conservation, respectively. Between the two asymptotic regimes, a smooth crossover
is constructed using a Padé approximant, yielding (Dm/D0)Re−1/5 = p1/2/(A + p1/2) [55]. Our
experimental results using IL drops are consistent with the above model by Laan et al. within
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FIG. 3. Variation of the maximum spreading factor (βm = Dm/D0) of (a) [EMIM][SCN] (with a low
viscosity) and (b) [BMIM][PF6] (with a high viscosity) with the Reynolds number, Re, estimated using
drop properties at standard pressure and temperature, for different surface temperatures (Ts). The error of the
measured βm is ≈3%.

a specific impact parameter range (10 < p < 100) for the low-viscosity ILs ([EMIM][SCN] and
[EMIM][BF4]), as shown in Fig. 2(b).

A classic scaling law of βm ∼
√

(We + 12)/[3(1 − cos θa) + 4We/
√

Re] is derived by
Pasandideh-Fard et al. [57], where θa is the advancing contact angle, by assuming that the initial
kinetic energy is dissipated by viscosity as the droplet reaches the maximum spreading diameter.
This scaling law is deduced by assuming that the viscosity dissipation occurs over a boundary
layer at the liquid-solid interface, rather than in the whole drop body, as shown in Ref. [57]
(Fig. 10) and Ref. [58] (Fig. 8). Under We � √

Re and We � 12, the above scaling law is

approximated as βm ∼
√

We/(4We/
√

Re) ∼ Re1/4 [57]. ILs are generally viscous, and We � √
Re

(We/
√

Re = √
WeμU/σ � 1) is readily satisfied at We � 12. In agreement, the experimental

results of [EMIM][SCN] droplets (with a low viscosity, μ = 33 mPa s) are consistent with βm ∼
Re1/4, as shown in Fig. 2(c). The viscosity of [EMIM][SCN] and [EMIM][BF4] is similar, and thus
their experimental variation of βm is nearly identical [shown in Fig. 2(c)].

However, for the high-viscosity liquids, we consider that the viscosity dissipation can exist over
the whole drop and scales with μUD3

m/H , where H is the drop thickness. The conservation of both
energy and volume (πD3

0 ∼ πD2
mH) yields βm ∼ Re1/5 [56]. Given the high dynamic viscosity of

[BMIM][PF6] (μ = 304 mPa s) the spreading of [BMIM][PF6] droplets is primarily dominated by
viscous force, as anticipated, conforming to the relationship βm ∼ Re1/5, as shown in Fig. 2(c).

Figure 3 shows the variation of βm of [EMIM][SCN] (with a low viscosity) and [BMIM][PF6]
(with a high viscosity) with Re at the different Ts, suggesting that the trends of βm varying with
Re are nearly identical under the same Ts. Tran et al. [15] experimentally fitted βm ∼ We2/5 for the
molecular liquid drops (Milli-Q water and FC-72) impacting on flat heated surfaces. We previously
established an empirical model for Milli-Q water drops impacting on flat heated surfaces using
energy conservation [23], similar to that of Wildeman et al. [59], showing that the initial drop surface
energy plus 75% of the initial drop kinetic energy are transferred into the final surface energy. The
viscosity of ILs is higher than that of Milli-Q water and FC-72. Hence, these power laws of βm for
molecular liquids in the literature may not be applicable to the IL drop spreading on heated surfaces,
as shown in Fig. 3.

Figure 3 also reveals increasing βm with rising Ts as the IL viscosity decreases due to increasing
Td on a heated surface. The dynamic viscosity of the ILs decreases exponentially with temperature
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(see Fig. S5 [45]). The viscosity dissipation decreases with increasing Ts, thereby enlarging βm. The
slopes of βm at the different Ts for both [EMIM][SCN] and [BMIM][PF6] approximately take a
constant and are 1/4 and 1/5, respectively. The data strongly suggest that the scaling laws of βm at
different Ts can be expressed as βm(Ts) ∼ Re(Td )1/4 and βm(Ts) ∼ Re(Td )1/5 for [EMIM][SCN] and
[BMIM][PF6], respectively. Here Re(Td ) refers to the droplet Reynolds number calculated with the
properties at the droplet temperature of Td , while Td strongly depends on the surface temperature of
Ts and impact dynamics.

The droplet Reynolds number at the droplet temperature Td can be calculated from Re(Td ) =
ρ(Td )UD0/μ(Td ), where ρ(Td ) and μ(Td ) stand for the droplet density and dynamic viscosity at
Td , respectively. Since the variation of ρ with Td is relatively negligible, Re(Td ) can be simplified
as Re(Td ) = ρUD0/μ(Td ). The well-known Vogel-Fulcher-Tammann (VFT) equation is commonly
used to correlate variations of viscosity with temperature [60], which is expressed by

μ(Td ) = AμT 1/2
d exp

(
B

Td − T0

)
, (4)

where Aμ is a prefactor, B is a quantity related to the activation barrier, and T0 is the ideal transition
temperature. The experimental results of dynamic viscosity as the ILs are heated agree well with the
VFT equation (see Fig. S5 [45]). However, the precise relation between Td and Ts is still unresolved
in the literature due to the complex interplay between heat transfer, phase change, and impact
dynamics. Future frontier studies are needed to measure Td accurately and to validate the proposed
power laws of βm(Ts) ∼ Re(Td )1/4 and βm(Ts) ∼ Re(Td )1/5 for low-viscous and high-viscous IL
drop spreading, respectively.

IV. CONCLUSION

In summary, the impact dynamics of IL drops impacting on a heated flat surface are investigated
experimentally. The results show that the IL drop impact events essentially comprise spreading (at
low Ts), spreading with bubbling (at large Ts), and splashing with bubbling (at greater Ts and We for
the IL with low values of μ and Tonset). Notably, the dynamic Leidenfrost effect leading to a complete
rebound was not observed with the ionic liquids used. This absence can be explained by the low gas
pressure generated by the evaporation and thermal decomposition, making ILs promising candidates
for cooling and coating applications for the explored high Ts range. Moreover, the experimental
fitting results show different βm scaling laws: βm ∼ Re1/4 for low-viscosity ILs but βm ∼ Re1/5 for
high-viscosity ILs on a flat surface at Ts = 18 ◦C. These different power laws can be attributed to the
viscous dissipation being dominant within the thin boundary layer next to the solid-liquid interface
for the low-viscosity or within the bulk droplet for the high-viscosity IL drops.
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