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Fig. 1. A new method of explosive boiling to trigger the
self-propulsion of droplet.
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Bl 2 (a) SCERBEEEL 1, S ER; 2, AR AR, 3, IAREE; 4, ANEEINICE; 5, W R; 6, 4k d%; 7, PID ¥4, 8, K Al f;
9, F TR 10, 7 FU G R 221 (ScopeCorder DL750); 11, [Al %% (MotionPro Timing Hub); 12, % # #H#L (MotionPro Y4, IDT);
13, S % (RSPO1-BDG); 14, GHEE 34970A. (b) B AN B FI LM B R (H47: mm)

Fig. 2. (a) Experimental setup. 1, copper skirt ring; 2, brass heating block; 3, cartridge heater; 4, stainless steel base; 5, voltage

transformer; 6, electric relay; 7, PID temperature controller; 8, K thermocouple; 9, microphone; 10, high speed data acquisition sys-
tem (ScopeCorder DL750; 11, synchronizer (MotionPro Timing Hub); 12, high speed camera (MotionPro Y4, IDT); 13, micro-syr-
inge pump (RSP01-BDG); 14, Agilent 34970A. (b) Brass heating block and copper ring size (all dimensions are in mm).
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Fig. 3. Characterization of two flat surfaces having the same fabrication technique as two skirt ring samples: (a) Scanning electronic
microscope (ESEM) image and contact angles for polished copper surface; (b) ESME image and contact angles for rough copper sur-

face; (c), (d) surface morphology measured for smooth copper surface; (e), (f) surface morphology measured for rough copper surface.
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Fig. 4. Droplet trajectory during the whole droplet lifetime: (a) Droplet trajectory on rough ring at T, = 223.0 °C, T, = 191.4 C;
(b) droplet trajectory on polished ring at T, = 223.0 C, T, = 191.4 °C; (c) droplet trajectory on rough ring at T, = 304.5 C,

T, = 256.3 C.
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Fig. 5. Droplet collision frequency during the whole droplet lifetime: (a) T, = 223.0 C, T, = 191.4 °C, rough ring; (b) T, = 223.0 C,
T, = 191.4 C, polished ring; (¢) T, = 304.5 C, T, = 256.3 °C, rough ring.
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Fig. 6. Droplet traveling velocity during the whole droplet lifetime: (a) T, = 223.0 °C, T, = 191.4 °C, rough ring; (b) T, = 223.0 C,
T, = 191.4 C, polished ring; (¢) T, = 304.5 C, T, = 256.3 °C, rough ring.
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Fig. 7. Droplet sound voltage during the whole droplet lifetime: (a) Ty, = 223.0 C, T, = 191.4 °C, rough ring; (b) T}, = 223.0 C,
T, = 191.4 °C, polished ring; (¢) T\, = 304.5 C, T, = 256.3 °C, rough ring.
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IR A 2 28D, A 0.12—8.70 Hz JEFHI,
T, = 256.3 C T HIBEAHHRALAE 0.11—6.67 Hz

TE T, = 3045 C, T, = 256.3 °C |, HBEFR
PR A2 sl AR L 2% (ULIE 6(c)), 35—
X % % 32 o) 3 AE 0.11—5.68 cm /s S N, 7E
B IXaE g BV FIY 0.06—3.71 em /s, 5 =X
(1) iz ol 7 B B Bk 2D, 32 sl T L 0.01—
3.77 cm/s.

Mg R )2 o7 FH A AR A A L R AE 1 1 52
JE 20210 FE T = 223.0 °C, T. = 191.4 °C Wi
AP HBE R T 00, HEA™ i SR PR 1 75 A
SUNE 7(a) N, BN AR —A Bkopig
FEZ T T B 150 APk plg s, XFRF 150 K5
BRI, B 7(a) DA — MRS E SRS Lei-
denfrsot fEHH AR, (H4 R kAT k{55
AR RS SHE AR . 7S — XA KR R T4

o BRKE BRI AR R R IR F 0.13—2.85 VB N
P e, 2o AR, ANH-AT LI R T 3. 75 R 7E
S T DCRINERS = IX sy, e WA s o BE B ZAK
T R

MPE T, = 223.0 C, T, = 191.4 C W d;
WIS (A& 7(b) Fizw), AT LAREA A 1 W
T A MR SR, HH R EE SRR
559, £ 0.15—0.82 V {E N BRE— XA i &
AR S 7 AL, HAR I IX IR R S R
5, Ul B B VR LA L RTR K i E

7 T, = 3045 C, T, = 256.3 C T, Wik
AT (WL 7(c)), BRER—k i B3R A b S
e A, HoRmi A K ], HOE s
FEHE, AN 0.28 V, B A 4 K ok 1 it i
WES, AR LOUT, W o RPN R il &
RANEN .

Shy i — 25 eI R R R o IR PR A R A T AR
YIS, R R ARALLL 4000 fps AYFATEAN AT
TR R U T TR, S5 R WE 8 iR, 7E T, =
223.0 °C, T, = 191.4 °C i i o5 HLKE 2R A0 T80
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T (anlE 8(a) From), 7RIS 22 U o R 2
F, 2976 10 ms B A IB) ROBE PN, YR30 98 < 1% 1R 9
T TR AR /INVRIBL, /INTRIBLE AR R D B[] R P
i e A K I R 11 B S A D o ARV T A B
%) 22 1T B, S5C{68 V0 IRk V00 5 5 35 Bk /N,
&l 8(a) H' 14.60925 s Al 14.61175 s. [A] ] LLF
t, 7E 14.60925 s B R AR BUARIR YR, BES
14.61175 s B 5 B PR AR 43 A8 T8, FERIAIE
] ZE RS BT [, B TR A b K s 7 A )
#HET7 Fyy, WREN R HE B R, W TEHE T By, 3K 30
TSI AE 4.2 W HETTIEAN IR, AL AT UL
W TR I A2 S Sh AL aniEl 8(d) iR,
T JE] PRI B AN Y50 W YR 2 TR

(a) BIBEIR, Ty, = 223.0 °C, T, = 191.4 C, HEFHUE: 22

1 mm
Bubble

1 mm

€]

4.43000 s 4.43500 s

Droplet

----------

e P 1 S T R BE AR A B AT, P TR K
TR PR A 2 2 B0TRIRE N 9 7. AH HbL, YA
SRR S AE R 1. 6 TR, X e E oy
AH B, B A — M8 AN G T Fy, 7RI
P AE FE T 3590 B A6 1] F 1) Z2 M52 3, DAL S 3
# 8(a) ' 14.60925—14.61800 s Wi 1] 22l iz Bl
MR (EAF I, TEARSEEG b AR TR IS &
A FE 14.60800—14.61800 s. 14.61800 s Ji Wik
FVRHIIEAS S AR IETR I, B2 W0 P S R A
TR A2 fish i K B s

R e (T, = 223.0 °C, T.=191.4 C)
1 IR MRS 3R (T,=304.5 C, T,=256.3 °C) i
(L& 8(b) FEl 8(c)), Wi & A /N =4

Bubble

4

14.61800 s

5.02500 s

Kl 8 WL BN (a) 7E T, = 223.0 C, T, = 1914 C T, WK H; (b) 7€ T, = 223.0 C, T, = 1914 C T, #MICIF; (¢) T, =

304.5 °C, T, = 256.3 °C T, MLAEIR; (d) B PM{RIEE ShpLEE

Fig. 8. Droplet impact moment: (a) T, = 223.0 °C, T, = 191.4 C, rough ring; (b) T}, = 223.0 C, T, = 191.4 °C, polished ring;
(¢) Ty = 3045 C, T, = 256.3 C, rough ring; (d) movement mechanism of bubble in droplets.
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B RCHG fE PRI A A BRI A, R A K R
T, R AE S PRI SR R I B HR A
BRI

4.2 BRYEHBMARE BRI IES
Leidenfrost JRA T, Wi B 7 T 28950 I, W
i 32 3| Leidenfrost 1% #4 T 48 5 5 X5 e 44, (H 5k
AL, R TC I A% . T R S R AR £k
Fefil, Leidenfrost fZ#40 T, = 223.0 C B}, HkE
WIRE T, = 191.4 °C, #8222 AT = 31.6 °C. A
1E Leidenfrost & #4435 2 W& 7% Leidenfrost & &
(LFP) i}, #1455 LEP, ML) fi#
BALENE, RAIG SRR o 22

40T
e (T — T3 @)
X o RISy, T, WATREE, hy, AR
TR, p, WZRIREE, T, IR R ERE. B o =
0.0589 N/m, T, = 373.15 K, p, = 0.598 kg/m?,

Te

Leidenfrost

hyy = 2256.43 kJ /kg. HHAAFEDRIGIIIG I
0.71 pm, ARSI RHBSE Ra = 1.49 pm,
KAV A AR, DR R e e o RS BR ), T
LAY = YRR S AZ AL X ik A VTR R KE W I T
PICER RS E Ra = 0.05 pm, Z8/NT7KHY
ISR AR, WO TCIRZE MBI A, Tovk fil
RAENEHRIE. MAEEEARSRR (T, = 3045 C, T, =
256.3 °C) B, BARHIREIR AT LUk S a4k /1,
{E S BT ) (B A0 B 8 /i ik 256.3 °C, O A [ 2
1 Leidenfrost i B, W& i 7 38 5 Bk 7] £ 15 3] Lei-
denfrost R, [FIFETCIE Ml & S 1E T .
XHEGIAZKE SRS F, I T i 5h
TR, b b, FEA G, ZE R SR T
F AR Fy, HESEIZ 5 (WA 9). 28 % 3l
FIRAEAR I ZER A e A b, DR B A3 5 i
TR A Bl B 2 M 5 R 1 . A VR 35 20 FH AR
i F W R Bl Y 21 28 ke, gk & dhi ) ok 0. T
MU P AN S AR, s R R R i ).

@ ek v

‘/out

(b)

t+0t

Droplet

PO HrE S il YRS SRS MLEE (o) W A SR SIMLIE; (b) 26 kgl Ty (AR Fy) R R

Fig. 9. Self-propulsion mechanism of droplet triggered by explosive boiling: (a) Self-propulsion mechanism of droplet; (b) schematic

diagram of evaporative momentum force (thrust force Fyy,).
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Kandlikar24 4§ 1} F, J& B8R At 8 [ 1y 3k
XFRZE R GIRRH), TEXFME AT, WA ZER 2 ]
) S AL 6 S B sl sc e, X T mBVEE ARt
K, 78 - -77 = A b 2R BT 2% & B, Y3
R AR X AR 2% & JEIR T VA3 15 T BE 1T, (i LA B
BET b $5cilt, Zhu &5 P2 FISRIEAN A 20 3@ 10 % Hh g
KBRS F, MR s Fy 2 60 55 4 2
TIN5 A I 5 AR A A AR T B i SR 2

Shati 55 7 BF5T T 2 THDRERS B2 0 5% 34
s, S5 HRERM, 5 R L, RORUBE RS B
FE I AL AR T FURI T o B . D DRRE s 3R
LU FH G 2 1 P i 2 26% B9FL . H R
PR B2 2500, AH5E T, >4 Leidenfrost Wi
(R PR, KRS (74 53 22 T Y558 1 1) Y0 1) S B 3R
1o, DT R0 T 1) BHAN (9% 8030 T B N2 R 1
5 T[] BH AN B T 22 (] A 0 BRI IR, SX AR EXT
PR R FEBMT) Fy FFHIE R (LA 9 Thiy ¢ i)
Z1), Pz 2] Fo, MELATEARLL Vi, AR AR 15 1
71 Fy, VR A% 22w E B 0 2 flda o 7 A HE
5 (VL9 iy ¢ 4 ¢ B2, Wik Th R BRI, W
A D K, AR S R B AR (RIS
SEREY) Z 187 A R 05 1 2l i 238 4 LUE i #fe
J1 By, BERTE9HE S By, e KT ¢ B 2037, SR3hk
Tk B4 7 1, SER Leidenfrost A& BT - (Y
AIRSN. FEA SO, AEE Al 7% K A fldh s AR 2= 5|
IR EBE ] F,, BJEEESCRP AR . SR
fih 2 2 RN fih s s 1) X6 R Pk M R A ) B, AR
) S A

Leidenfrost ¥ i LAA ST V., FIASA o,
LT . SRERLE S, DU V,, FR
P gy BSTFHET IR, X000 BE [ Rl A7 AE R
ABREN A, B v, = aigy FBETT RS FILEA
Qo = 0 BT ] S 5. SEBRAER 7E P R 25 2
[B). XFF AR AHE ST, W AT LATE Leidenfrost 32
1A S LR .

R RN 2 B B AT 32 143 B LA B B
W B, FERE S AT A IR L, W A2
) F, IR FCE) F, MR Fy 1R,
Ty Fy, W Bl BT (LK 9 (b)), )
T PRI AR R AR R T YRR 2 T A I
PV 2 T HUOG T, X A fOC T L 78 & Bl
TR AR T ARGy, ARAS WO AE ) By P

SOl m, o AR L AR
R FE RO, o 7Bl 17 7ELL T
1dD dv  1d°D

YSha @ 2de ®)
3 5 I P BT, o 6, th T
RETT A4S R MOAE R o ERESERR, A
HIEH 2 /0 R 1 TR IR SRR, SR
LA A B R A BRI 7 0 R B o
TR, B B BCE OB K ) B RER I,
T 4 B AT R, AR 0 5 <4
IR

Fy =

m = %PlD?’ (24 3cos B —cos’B) . (4)

B (4) XAAPMX ¢ 5RG A5

dm o T p1D2 dD 3
ST (2+3cosB—cos’B). (5)

WS T A R RE R, ARV Y RE R ST IE
ELIKES

dm q-m (Dsing)?

E - 4hfg ’ (6)
v by, SRR, BT (5) 2R (6) XAl 15
dD 2¢sin? .
dt  pihg (2 3cos B — cos3B) (")
¥ (3)—(5) XA (7) KARA (2) KTt
B n D?¢?sin*B 9
Fon = 4pih, (2 4 3 cos § — cos®f3) ~D )
WO T2 A5 ) F M) Fy TRl
. mpD*dV g _mpD? g
i= 6 ED7Fg— 6 gD”, (9)

Hodp VR W Iz sh R T AR VR ) I K G
v, g NI,
SRR Fy ol 2

1
Fd = 7pair(‘/air - V)Qn D20d7 (10)

8
Hrfr) pa B Vi, 225 3B B2 Sl
1EZSH V= 0, Gy AR R4k, 228 S
BT EEL Re (M PREL. XTI BARAVIE N, Cy HL
Wt rCi B 24

24 (V—Var) D

=2 Re= T MY 1
Cd Re’ Re LLair s ( )
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Horbuy, SRR, GF (10) XA (11) AATE
Fy =3 ppois VD ~ D. (12)

t (8) 5. (9) 3R (12) i iR HAOAIX

AV
Fin

0 opt fﬁﬂ ~ D1 %iﬁ
F, ' F, ' Fy

Ra UL WO 32 1 o A, W 52 B HE )
Fy, BB BT, 819 Leidenfrost /&34 [0
J7 1), 7 Fy, 400 ) F 98 15 %% 38 1 Leidenfrost
T TG XTI RE SRR A ) A RN S BE 2 1]
(SRR R, ) A G R Ao R P B T S S o 3 R
17, B iy = vy B Vi = Vi TEARBESE T, W0
S T o) TR R A T R AT, (L 2 Lei-
denfrost &M PO BLIE. B F, 8 T
T 7E Leidenfrost 2 1] B B, 18I0 AH X
T B AU {8 ) Fy SRS 3 5 )
MG TR WHz ). B, Fy/F, Fu/F,
HI ./ Fy 0% BE A S RC A W 20 1 2= il >4
e 6 3= AR P, B0 B 3 ok O 1 AT R
Ko, XFRE T ST (g = 0); 24T L1 775k
F A, WP AN TE L B T REPE R, X
N P (i = o). M 7E Leidenfrost
e bizghit, DL B4s i3m0 5 Wik iz 3. W
iz SRR R 4(a) . DL EFRR IR
BT =X 3 12247 R, TERIIR B B (5 —
X)), VR BB, 1R 5 ) 5 A, W)
12 3l B TR T ST SR R (R
X) B, S5 AL, ASHA oy IS agy
UV, W IE R 3T Leidenfrost A4 #4 i Facs.
7R, TR = XN (D~ 0.105 mm) 5[EFR
i —WR (5 150 W) Rl 5 1932 sl s i
0TS S LR, 32 PR A TR /N T
i 87 5 = A, 6 5 B Ak ks Bk S
(R RS2 A, HEITERTHR (WA 4(a)).

PR (T, = 223.0 °C, T, = 191.4 C)
M MBS ER (T, = 304.5 °C, T, = 256.3 C) i
Wi, BARMSA JRF R R E g, HIER i
Bl A 7 2 X FRZE R T AN S 3 2 g e o 1 5 |
ALY R T LA /N I W T 5 [ B PN B I B, 3
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P, AT DAOR R A S IR, A TR PR A
JER M 22 ] 9 2 422 fis, I [ 20 1) 3R R 41K, i
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Marangoni RN , 5] 5 A48 L E 25 W5 | e -1
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WL, A I S B R BE B B A B4R 5
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HABAFFE Marangoni N, {H Marangoni JJ # #fE
i, Pk, YRR AN RE A5 BA AR BRI, AT, W
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T ELAR s L WO Ry R B Py, i 3
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DI, SR RERW], R TEAR 5E n AR
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Self-propulsion droplet induced via periodic explosive boiling”
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Abstract

When a droplet is placed on a surface with a temperature higher than Leidenfrost temperature, it will be
levitated on its own vapor cushion, which makes the droplet have amazing mobility. Generally, the vapor flow
under the droplet is corrected by constructing asymmetry micro/nano textured surfaces to realize the self-
propulsion of the droplet. However, the control of droplet dynamics becomes uncertain due to the complicated
interaction among liquid-vapor-solid phases, and the direction of droplet motion and droplet transport velocity
(10— 40 cm/s) have limitations. Leidenfrost heat transfer surface and impact surface are constructed in this
experiment. When the surface of Leidenfrost heat transfer for droplet levitation contacts the droplet which the
sufficient energy flows towards, the rough ring surface acts as an igniter. When a warm Leidenfrsot droplet
(fuel) contacts skirt ring (igniter), abundant micro/nano cavities of rough skirt ring not only generate additional
radiation heat flux towards droplet but also provide nucleation sites to trigger explosive boiling on a ~10 ms
time scale. The thrust force F};, generated by periodic explosive boiling realizes the self-propulsion of droplets. In
the initial stage of droplet motion, the inertial force F; is dominant, and the droplet impact is mostly specular
reflection, and the droplet trajectory is chaotic. With the decrease of droplet diameter, the pulsed thrust Fy, is
dominant, and the droplet trajectory passes through the center of the Leidenfrost heat transfer surface. Our
experimental results show that the droplet passes through the center of the Leidenfrost heat transfer surface in
a wide diameter range (D = 0.671—1.576 mm). For the last (150%") collision with the rough ring, the curved
trajectory exists instead of line trajectory with D ~ 0.105 mm. For a very small droplet, the drag force Fj is
dominant, which prevents the droplet from continuing to move. The droplet is followed by sessile droplet
evaporation until it totally disappears. At the same time, the droplet transport velocity is as high as 68.91 cm/s,
which has not been realized before. The present work provides a new method to manipulate droplet motion at a
high temperature. Our Leidenfrost system is simple, cost-effective and lasts long-term operation because it does
not depend on complicated micro/nano fabrications, which is expected to be used in microfluidic and heat

transfer two-phase systems.

Keywords: Leidenfrost, droplet dynamics, explosive boiling, heat transfer
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