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I. SUPPLEMENTARY MOVIES

The supplementary movies of prompt splashing and corona splashing are available. In each movie, the frame number
Fy starting with 0 is indicated on the lower right corner in each image of the movie. The surrounding gas pressure
P, impact velocity V', and drop diameter D along with the brief explanations of these movies are listed in Table I.

We showed the occurrence of prompt splashing in Fig. 2. Figures 2(a), (b), and (c) are the selected images from
Movie 1, Movie 2, and Movie 3, respectively.

In Movie 1, prompt splashing is observed at Fly = 36, where ejection of jets, presumably fast-moving fine droplets,
fly along the solid wall. In this frame, the jet mirror images reflected on the solid surface are also captured. It seems
as if the real and mirror images were a pair of parallel lines along the solid surface. They can be observed in the range
that 36 < Fiu < 39. The ejection of jets on the left side of the images are more easily visually recognized. Corona
Type-1I splashing can be observed at F = 38; then, liquid jets, presumably fingers, develops in the obliquely upward.

In Movie 2, prompt splashing is observed at Fiu = 55, where fast-moving fine droplets fly along the solid surface
in the range that 55 < Fix < 62. The liquid film flow develops along the solid surface when 58 < Fl; then, corona
Type-II splashing can be observed.

In Movie 3, prompt splashing is observed at Fix = 4, where fast-moving fine droplets fly along the solid surface in
the range that 4 < Flix < 93. The smooth liquid film flow is developed in the range that 13 < Fl.

In Movie 4, prompt splashing is observed at Fx59, where fast-moving fine droplets fly along the solid surface in the
range that 59 < Fly < 66. The smooth liquid film flow is developed in the range that 62 < Fi.

In Movie 5, prompt splashing is observed at Flu = 13, where fast-moving fine droplets fly along the solid surface in
the range that 13 < Flyx < 86. The smooth liquid film flow is developed in the range that 19 < Fi.

In Movie 6, prompt splashing is observed at Fly = 28, where fast-moving fine droplets fly along the solid surface in
the range that 28 < Flx < 50. The smooth liquid film flow is developed in the range that 33 < Fi.

TABLE I. Experimental conditions of movies that captured various types of splashing observed immediately after the impact
of a water drop on a solid surface.

P \% D Remarks
(kPa) (m/s) (mm)

Movie 1 75.1 25.8 2.42 Prompt splashing &
corona Type-I splashing

Movie 2 64.5 14.8 2.35 Prompt splashing &
corona Type-II splashing

Movie 3 0.8 9.65 2.27 Prompt splashing only

Movie 4 29.5 25.5 2.16 Prompt splashing only

Movie 5 5.7 11.3 2.29 Prompt splashing only

Movie 6 28.8 10.7 2.19 Prompt splashing only

Movie 7 49.8 11.3 2.13 Prompt splashing only

Movie 8 97.9 14.1 2.14 Indistinguishable

Movie 9 100.2 28.4 2.13 Indistinguishable
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TABLE II. Physical properties and radii of saturated water drops with ¢, of 8.4mg/L (., D) and degassed water drops with
Coy Of 2.5 ~ 3.5mg/L ( ’7 <>) The filled and open symbols
indicate the cases of occurrence and non-occurrence of prompt splashing, respectively.

Vv P o 1) pe D
(m/s) (kPa) (mN/m) (pm?/s) (kg/m?) (mm)
(a) . 10.7 29.9 72.6 0.997 998 2.17
11.5 28.7 72.3 0.952 998 2.17
10.7 29.4 72.4 0.971 998 2.20
10.7 28.8 72.4 0.973 998 2.19
9.65 29.7 72.5 0.995 998 2.18
9.38 29.5 72.5 0.981 998 2.20
(b) D 8.85 30.0 72.5 0.987 998 2.18
8.85 29.4 72.8 1.04 998 2.18
9.65 29.7 73.2 1.12 999 2.06
8.04 29.0 72.5 0.984 998 2.15
7.50 29.0 72.4 0.963 998 2.20
6.43 28.6 72.4 0.973 998 2.19
7.23 28.6 72.4 0.971 998 2.19
(c) ‘ 9.65 29.2 72.9 1.07 998 2.23
9.65 29.5 72.8 1.05 998 2.21
10.7 29.1 72.8 1.04 998 2.22
9.65 29.7 72.8 1.04 998 2.24
8.58 29.3 72.9 1.06 998 2.23
9.65 29.3 72.8 1.05 998 2.22
(d) <> 8.58 30.0 72.9 1.06 998 2.21
7.50 29.1 72.9 1.07 998 2.21
9.65 28.5 72.9 1.07 998 2.21
8.58 29.9 72.8 1.05 998 2.22
8.04 29.9 72.8 1.05 998 2.20

In Movie 7, prompt splashing is observed at Flu = 76, where fast-moving fine droplets fly along the solid surface in
the range that 76 < Flx. The smooth liquid film flow is developed in the range that 85 < Fl.

In Movies 8 and 9 (P 2 90kPa), we cannot clearly distinguish prompt splashing from corona splashing with the
spatial and temporal resolution in our experiments. However, in Movie 5, it seems that prompt splashing is observed
at Fiu = 68; then, the liquid film is observed at Fly = 70; later, corona splashing becomes visible at Flu = 72.

II. PHYSICAL PROPERTIES OF LIQUIDS AND EXPERIMENTAL CONDITIONS IN FIGURE 4

The physical properties of various liquids used to produce the experimental results shown in Fig. 4 in the manuscript
are listed in Tables II to V. The impact velocity V, surrounding gas pressure P, surface tension o, liquid kinetic
viscosity vy, liquid density py, and drop diameter D.

We used saturated water with c,, of 8.4 mg/L (I, [J), and degassed water drops with c,, of 2.5 ~ 3.5 mg/L ( (
‘, <>)), in order to examine the contribution of the phase change, possibly cavitation, to the occurrence of prompt
splashing. The physical properties of these waters [1] and drop diameters are listed in Table II.

We also used alcohol to examine the contributions of liquid physical properties [1-4]: surface tension o, liquid
kinetic viscosity v, and liquid density pg, and drop diameter D to the occurrence of prompt splashing. We varied the
ethanol drop diameters by using needles with different gauge (22G, 27G, 30G). Physical properties and diameters of
ethanol drops released from needle of 22G (A, /), 27G (V, V), and 30G (», [>) are listed in Table III.

We used 1-propanol and 1-butanol to examine the contribution of liquid viscosity to the occurrence of prompt
splashing. Physical properties and diameters of 1-propanol drops (M, [J ) and 1-butanol drops (¢, ¢) are listed in
Table IV.

We also used the aqueous solution of 10 %, 20 % and 80 % ethanol. Physical properties and diameters of aqueous
solution of 10 % (A, A\), 20 % (¥, V), and 80 % (<, <) ethanol drops are listed in Table V. The filled and open
symbols indicate the cases of occurrence and non-occurrence of prompt splashing, respectively.



TABLE III. Physical properties and radii of ethanol drops released from needle of 22G (A, /\), 27G (V, V), and 30G (», I>).
The filled and open symbols

indicate the cases of occurrence and non-occurrence of prompt splashing, respectively.

Vv P o 1) pe D
(m/s) (kPa) (mN/m) (pm?/s) (kg/m®) (mm)
(e) A 10.7 30.2 22.7 1.50 789 2.23
9.38 29.3 22.8 1.52 789 2.28
8.58 29.1 22.8 1.52 789 2.25
9.65 30.5 22.8 1.53 790 2.25
6.43 30.0 22.8 1.53 790 2.16
7.23 30.0 22.8 1.53 789 2.27
6.43 30.0 22.7 1.50 789 2.28
8.04 29.2 22.6 1.47 788 2.32
777 29.4 22.7 1.49 788 2.23
6.43 29.6 22.6 1.45 787 2.32
7.23 29.2 22.7 1.48 788 2.31
5.89 29.3 22.6 1.46 788 2.34
5.89 30.7 22.5 1.44 787 2.31
6.16 28.7 22.7 1.49 788 2.30
(f) A 6.16 29.8 22.8 1.51 789 2.27
5.89 30.3 22.7 1.48 788 2.31
4.28 30.1 22.6 1.46 787 2.30
(g) v 9.65 28.4 22.6 1.45 787 1.83
9.65 28.9 22.6 1.45 787 1.82
9.65 30.2 22.5 1.44 787 1.83
11.3 28.8 22.6 1.45 787 1.84
(h) \Y 8.04 29.0 22.6 1.45 787 1.83
8.58 28.8 22.6 1.45 787 1.84
9.65 29.2 22.6 1.45 787 1.83
(i) > 10.7 30.1 22.9 1.57 791 1.69
10.7 29.2 23.0 1.58 791 1.68
10.5 29.7 22.9 1.56 790 1.69
10.5 29.4 23.0 1.58 791 1.69
() > 9.65 29.9 22.9 1.55 790 1.68
8.04 28.7 22.9 1.57 791 1.68
9.65 29.3 22.9 1.57 791 1.69
7.23 30.0 22.9 1.57 791 1.69
8.85 28.8 23.0 1.59 791 1.70
8.85 29.3 22.9 1.55 790 1.68
8.58 29.4 23.0 1.59 791 1.69

III. EFFECT OF SURROUNDING GAS ON PROMPT SPLASHING

We found that the pressure of the surrounding gas is irrelevant to determining whether prompt splashing occurs,
while the impact velocity V' is essential. We examine the threshold velocity for prompt splashing V;,, in various species
of gases in order to investigate whether the occurrence of prompt splashing is independent of the surrounding gas.
Fig. 1 shows the occurrence of prompt splashing in air, helium, and carbon dioxide.

The gas speed of sound a, and gas viscosity p, are the physical properties independent of gas pressure. In
order to examine the role of these properties on the occurrence of prompt splashing, we used helium, whose a4 is
approximately thrice as large as a4 of air, and carbon dioxide, whose (4 is approximately four-fifths of y1, of air. The
physical properties of air, helium and carbon dioxide are listed in Table VI.

We evaluated Vj,;’s in air, helium, and carbon dioxide, and the results do not show any significant differences.
Considering this result, there is sufficient evidence to conclude that Vj,; is independent of the surrounding gas.

It is well known that a liquid drop impacting a stationary solid surface deforms before the liquid drop makes contact
with the stationary solid surface [5, 6], or it entraps a small air disk under its center [7—9]. The formation of the central
air disk is characterized by the Stokes number St = y,/(psRV), the compressibility factor € = P/(RVp}/p,)'/?, and
the Knudsen number Kn = A/(RSt%?) [9-12]. Li et al. [9] experimentally investigated the effects of reduced pressure
on the air-disc dynamics under an impacting drop on a stationary solid surface in a similar range of St values as those
found in our experiments and with impact velocities reaching 5.1 m/s.



TABLE IV. Physical properties and radii of 1-propanol drops (M, [ ) and 1-butanol drops (¢, (). The filled and open symbols

indicate the cases of occurrence and non-occurrence of prompt splashing, respectively.

Vv P g Vyp pe D
(m/s) (kPa) (mN/m) (pm?®/s) (kg/m?) (mm)
&) 885 286 23.7 2.49 800 2.20
8.85 29.2 23.7 2.49 800 2.35
8.58 29.8 23.7 2.49 800 2.37
7.77 29.2 23.7 2.49 800 2.23
70T 29.7 23.7 2.49 800 2.34
8.85 29.4 23.7 2.49 800 2.32
9.65 29.4 23.7 2.49 800 2.30
1) 7.23 29.7 23.7 2.49 800 2.33
7.77 29.9 23.7 2.49 800 2.35
7.23 28.9 23.7 2.49 800 2.33
6.96 29.3 23.7 2.49 800 2.34
(m) 10.7 29.7 24.6 3.23 806 2.31
11.3 28.7 24.6 3.23 806 2.30
9.65 29.0 24.6 3.23 806 2.31
10.2 29.5 24.6 3.23 806 2.30
10.7 30.5 24.6 3.23 806 2.32
11.3 29.6 24.6 3.23 806 2.35
(n) 10.7 28.9 24.6 3.23 806 2.31
8.04 29.8 24.6 3.23 806 2.31
10.7 29.8 24.6 3.23 806 2.28
7.23 29.9 24.6 3.23 806 2.31
8.85 29.4 24.6 3.23 806 2.30
9.65 29.7 24.6 3.23 806 2.32
9.65 30.1 24.6 3.23 806 2.30
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FIG. 1. Prompt splashing at P =1, 5, 15, 30, 50, and 75 kPa in air (e,0), He (A,A) and CO2 (M, [J) with respect to V and P.
The filled and open symbols indicate whether prompt splashing is observed or not, respectively. The criteria are shown by the
blue dotted (- - -), red dashed (- - -), and green dot-dash (- - -) lines for air, He, and COg, respectively. The Stokes number at
V=10 m/s in air is 1.70 x 107°. The condition where e=1 is shown with a black line and where Kn=1 are shown with thin
dotted (- --), thin dashed (- - -), and thin dot-dash (- - -) lines for air, He, and COg, respectively.



TABLE V. Physical properties and radii of aqueous solution of 10 % (A, /\), 20 % (¥, V), and 80 % (<, <)) ethanol drops.
The filled and open symbols indicate the cases of occurrence and non-occurrence of prompt splashing, respectively.

Vv P g Uy pPe D
(m/s) (kPa) (mN/m) (pm?/s) (kg/m®) (mm)
(0) A 8.58 29.2 189 1.29 980 2.45
7.7 29.4 48.9 1.29 980 2.48
8.04 29.3 48.9 1.29 980 2.45
7.7 30.1 48.9 1.29 980 2.48
(p) A 7.50 30.5 48.9 1.29 980 2.47
7.23 29.3 48.9 1.29 980 2.38
(q) v 8.85 28.3 39.8 1.84 965 2.31
9.65 29.0 39.8 1.84 965 2.31
(r) Y, 8.04 29.2 39.8 1.84 965 2.32
7.7 29.5 39.8 1.84 965 2.29
8.85 29.2 39.8 1.84 965 2.29
8.85 30.2 39.8 1.84 965 2.38
8.58 29.1 39.8 1.84 965 2.31
8.04 28.7 39.8 1.84 965 2.30
(s) | 9.65 29.3 25.5 2.26 845 2.33
9.65 29.6 25.5 2.26 845 2.31
8.58 29.9 25.5 2.26 845 2.31
(t) N 7.23 28.6 25.5 2.26 845 2.30
8.04 30.2 25.5 2.26 845 2.30
7.7 28.2 25.5 2.26 845 2.34
8.04 29.8 25.5 2.26 845 2.32
8.85 29.9 25.5 2.26 845 2.34
9.65 30.3 25.5 2.26 845 2.33
TABLE VI. Physical properties of the different gas used (P = 10° Pa and T = 298.15 K).
Pg Hg Qg
(kg/m?) (puPa-s) (m/s)
Air 1.1609 18.62 347.4
He 0.1604 19.93 1019.6
COq 1.773 14.91 269.4

It was found that the air-disk dynamics drastically change for Kn>1, indicating that the gas is significantly
rarefied. If air were entrapped in our impact conditions, the transition to the rarefied gas regime could cause the
air-disk dynamics to change. Thus, whether prompt splashing occurs should be dependent on Kn. However, the
threshold velocities V},;’s are independent of Kn, as shown in Fig. 1.

Furthermore, predicting an initial air-disk radius Lo ~ *'*Kn~"*7St'/3R in adiabatic conditions (vg = 1.4) [9] if
air were entrapped indicates by a factor of at least 20 in the air-disk radii (Lo ~ 1.3 x 107*m for P = 80kPa and
5.6x107%m for P = 1kPa) in our impact conditions. However, V,,, is independent of the gas pressure, as shown in
Fig. 1.

Considering these results, the sir-disk dynamics may not affect the occurrence of prompt splashing. This result is a
counterevidence to the previous experimental observations [13] that reducing the ambient-gas pressure inhibits prompt
splashing in low Oh liquid (i.e., ethanol). Our experimental results indicate that reducing ambient-gas pressure may
increase both sizes and numbers of droplets because prompt splashing in Movie 5 can be observed more clearly than
that in Movie 3, although reducing the ambient-gas pressure does not alter the threshold velocity V).
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