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Fig. 1. Schematic diagram of calculation model including

water and nanobubble.

HAETAKTFIRKRTTREFHET, o, v 5
2 D5 1A I B 43 i 20.0, 20.0 A1 60.0 nm, S35
A 797902 DK I3 SR IR U B A RE
e/ME, BEEFEIRE R 300 K # NVT RZEH -1
1 ns, MRS R Berendsen J5 ik, SRJG1EE )
1 bar. IHJE 300 K i NPT RZEHFAr 1 ns, 1%
AR H Nosé-Hoover J7ik, BFEIH %L (time cons-
tant) 4 0.5 ps, T k& ] Parrinello-Rahman

F1 ZEEBM NS

Table 1.

Force field parameters of carbon dioxide.

eo/(kJmolY) o¢/A oo/A  keo/(kJ-mol 1-A2)

roco/A koco/(kJ-mol Lrad?)  fyoco

qc do eo/(kJ-mol’)
+0.6512 ¢ —0.3256 e 0.2340 0.6683 2.800 3.028 8443 1.162 451.9 180.0°
*2 HAWINGEE
Table 2.  Force field parameters of oxygen.
@0 eo/(kJ-mol t) oo/A k/(kJ-mol !-nm?) o/ A
0.0e 0.4997 3.400 2.2843 e+07 1.22
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Table 3. Simulation details of impact process.

=2 EAS YR ER /am RFHE )/ (kmes ) TRIEEIRERTE /ps BFERIR RS TR

1 ults_vacuum_ 10 nm 10 1.0 5 A

2 ults CO,(223) 10 nm 10 1.0 5 &bk /223
3 ult5 0,(232) 10 nm 10 1.0 5 HR/232

4 ult3 t_vacuum_ 14 nm 14 1.0 3 NSk

5 ult3_ CO,(1368) 14 nm 14 1.0 3 TR /1368
6 ult3  0,(1409) 14 nm 14 1.0 3 5K /1409

7 ults_vacuum_ 14 nm 14 1.0 5 oS

8 ults CO,(718) 14 nm 14 1.0 5 & Ak /718
9 ults CO,(1368) 14 nm 14 1.0 5 Ak /1368
10 ults _0,(733) 14 nm 14 1.0 5 /133
11 ults  0,(1409) 14 nm 14 1.0 5 AK/1409
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(18 290 2K S U 4k 25 1] A K I 38 O i RS Bl 9 ps
(P& 2(d)) B8 K S 90 21 28 90 oK S iy, .25 94
KA TE SR

(a) 2= o (b)
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HAEN 14 nm, B FHE v, = 1 km/s, H B3
IFA] 7, = 5 ps. 0 ps B, 718 P 48 kRS> T145)
B EGUR R, BEIE A0, Rz
F 2 = 25 nm. KA i BEHGE KRS, GRS
B BT = W /70 7 A O = 1 0 s 4N
EEEOE A, WnlE 3 TR 6 ps BF IS AL, 9 ps
I, AR SE IR, R AR T R R &
FEYPOR I, P S ARRR AR A HES an
BRI A —EB 5. B, AR S TR AR St
TARSEIA +2 7 [Mis 5, AR I> T4 B 44

o} (@)

8 ps 9 ps

K2 ults (u, =1 km/s, 7, = 5 ps) FAF T AT IS 2 2 PR EHR LR, 90K E ER N 14 nm

Fig. 2. The collapse process of vacuum nanobubble at different moments under the condition of ult5 (u, = 1 km/s, 7, = 5 ps). The

diameter of the nanobubble is 14 nm.

12 ps

AR S
17 nm 33 nm

9 ps

14 ps 18 ps

Kl 3 ults (u, = 1 km/s, 7, = 5 ps) & fF T & A ALBRACK M (718 A R ALK T) 58 23 TR BB SR 20Kk <

WA EAE N 14 nm

Fig. 3. The morphological change process of carbon dioxide-containing nanobubbles (718 carbon dioxide molecules) before and after

the complete collapse under the condition of ult5 (u, = 1 km/s, 7, = 5 ps). The diameter of the nanobubble is 14 nm.
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— it , AR AR 53— 2 ) A AR T PR T T
H, B AR T LT 2 =~ 3540 nm Z[H].

TSRO R A OK S T e R A TR AR
A3 F B B MR, CRE I 3 F 12 il 18 ps BIAAAR ST
FHCHRIA, 7 2 5 IR RN 4 nm, QN 4 B
7. MR BE A SO FESMAS -8R0 I, 2 7w Ak
Frde /N 43— 2 P BT (R B, dnf&] 4 oSl
SKFTR. 12 ps BFMTBE TR BN 5.5 nm, 2R )5 FEE 40
KREFTRAVER, SR FIE+2 T iz 8l NERINIREG
TRIEINTE, 18 ps BFMFEERE Jy 8 nm.

12 ps 18 ps

4 ults (u, = 1 km/s, 7, = 5 ps) 55048 T & Z 4 LBk 44
KA (718 A A ARBR 4 F) S IR AT B R IE G . AN
KA EREN 14 nm

Fig. 4. Internal depression of carbon dioxide-containing
nanobubble (718 carbon dioxide molecules) after the com-
plete collapse under the condition of ult5 (u, = 1 km/s, 7, =

5 ps). The diameter of the nanobubble is 14 nm.
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[ 258 SR BART R 0T 2 5l (78 oy F 10 SE1) #Y
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B SR, ATLUR B, R 2EE 2 EOF
i, IWATE 2 =~ 10 nm AMFEAE S FEIG(Y, 78 v
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(). 3 ps I ip o AL 4% GRS iy, 99K
TEORIRMG, AT 25 BRI (A 1358 kg/m?, % BEUE(H
KA T HE. 8 ps B, B TR M B e
5 1o i v e D R R R RE T, — A% (R
/N, R BEIEAE 4 1100 kg/m3. 454 & 2 T4,
9 ps BRI SE 30 FG, SFERTTE Dl 6 ps, HLZ]
PRI R 1105 kg/m?3. SR 5 s P4k S 0] +2 5

[ L4, 5 B R 10— 2 2 S A LU SB B N R, HL
P (E IR 1

ult5_vacuum_14nm — 0 ps — 12 ps
— 3 ps

Density/(kg-m~—3)
=
o
=
<]

500 : : : : :
0 10 20 30 40 50 60
z/nm
5 ulth (u, =1km/s, 7, = 5 ps) FM T ARIE N2 E=
YRS 5E R BTG 10— 4E 2% B o0 A . R B2
5 14 nm

Fig. 5. The one-dimensional density distribution before and
after the complete collapse of vacuum nanobubble at differ-
ent moments under the condition of ult5 (u, = 1 km/s, 7, =

5 ps). The diameter of the nanobubble is 14 nm.
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B ELAR N 14 nm. FERDERITZ, 15 2848 it e
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Fig. 6. The one-dimensional density distribution before and after the complete collapse of vacuum and gas-containing nanobubbles

(containing 718 and 1368 carbon dioxide molecules, respectively) at different moments under the condition of ult5 (u, = 1 km/s,

T, = 5 ps). The diameter of the nanobubble is 14 nm.
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Fig. 7. The one-dimensional density distribution before and
after the complete collapse of oxygen-containing nano-
bubbles(1409 carbon dioxide molecules) under different im-
pulses (ultb and ult3). The diameter of the nanobubble is

14 nm.
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Fig. 8. The one-dimensional density distribution before and
after the complete collapse of carbon dioxide-containing
nanobubbles with different diameters (14 and 10 nm) un-

der the condition of ult5 (u, = 1 km/s, 7, = 5 ps).
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Fig. 9. The pressure distribution along the zaxis before and

after the complete collapse of carbon dioxide-containing

nanobubble (718 carbon dioxide molecules) at different mo-

ments under the condition of ult5 (u, = 1 km/s, 7, = 5 ps).

The diameter of the nanobubble is 14 nm.
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Fig. 10. The pressure distribution along the zaxis before and after the complete collapse of vacuum and carbon dioxide-containing

nanobubbles at different moments under the condition of ult5 (u, = 1 km/s, 7, = 5 ps). The diameter of the nanobubble is 14 nm.
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Fig. 11. The pressure distribution along the zaxis before and after the complete collapse of oxygen-containing nanobubbles
(1409 carbon dioxide molecules) under different impulses (ult5 and ult3). The diameter of the nanobubble is 14 nm.
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Fig. 12. The pressure distribution along the zaxis before

and after the complete collapse of dioxide-containing nano-

bubbles nanobubbles with different diameters

(14 and

10 nm) under the condition of ult5 (u, = 1 km/s, 7, = 5 ps).
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Fig. 13. The particle velocity vector distribution in the yz plane before and after the complete collapse of oxygen-containing nano-

bubble (733 oxygen molecules) at different moments under the condition of ult5 (v, = 1 km/s, 7, = 5 ps). The direction of arrow

indicates the direction of the particle velocity, and the length and color of the arrow indicate the magnitude of the particle velocity.
The diameter of the nanobubble is 14 nm.
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Fig. 14. The maximum velocity of the nanojet formed by

the collapse of vacuum and oxygen-containing nanobubbles

at different moments under ult5 (u, = 1 km/s, 7, = 5 ps).
The diameter of the nanobubble is 14 nm.
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Fig. 15. The particle velocity vector distribution in the yz
plane after the collapse of oxygen-containing nanobubble
(733 oxygen molecules) at 7 ps under the condition of ults
(u, = 1 km/s, 7, = 5 ps): (a) Water molecules and oxygen
molecules; (b) only water molecules; (¢) only oxygen mo-

lecules.
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Fig. 16. The particle velocity vector distribution in the yz
plane after the collapse of oxygen-containing nanobubble
(1409 oxygen molecules) at 7 ps under the condition of ult5
(u, = 1 km/s, 7, = 5 ps): (a) Water molecules and oxygen
molecules; (b) only water molecules; (c) only oxygen mo-

lecules.
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Fig. 17. The particle velocity vector distribution in the yz
plane after the collapse of vacuum and oxygen-containing
nanobubbles (733 oxygen molecules) at 14 ps under the
condition of ult5 (u, = 1 km/s, 7, = 5 ps): (a) Oxygen-con-
taining nanobubble; (b) vacuum nanobubble.

s 58 TR AR SO (305 T18
11368 > A ALl T) 358 BE TR i 40K S A
AN [ IR 220 9 e I BE T &) 18 iz . oK S iy B
#2014 nm, BT w, = 1 km/s, i 28 S}

134702-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 13 (2021) 134702

] 7, = 5 ps. 6 ps M HA5 KR FEIE LA 44
K SO 0 B K B IR B B K, M 3.26 km/s,
718 A AR A T R AUOKR SIAE 8 ps B ARG
Ui KB IR B K, O 3.4 km/s, 7 1368 1~
AR F IR SAE 7 ps B AR S I 5 Rk
JEIR BB K, N 2.77 km/s. 10 ps PR, & — %4k
e A KSR B T %) 200 A S ) e R B /N T
BLZS Y. S5 HRI, A T EURBRYTR S ST T 4
Froy & AR B 4 — 2.

3.5
—— ult5_vacuum_14 nm

. —— ult5_CO,(718)_14 nm
= 3.0F — ult5 CO,(1368) 14 nm
12
£
& 25}
~
>
=
E 2.0
)
>\
% 1.5}
o}
=

1.0

2 4 6 8 10 12 14 16 18 20
Time/ps
Bl 18 ults(u, = 1 km/s, 7, = 5 ps) Al F AR 21 B 25
A A AR T 2 K AU 33 B B8 4 K S O ) B R T E
YR H A 14 nm
Fig. 18. The maximum velocity of the nanojet formed by
the collapse of vacuum and carbon dioxide-containing nano-

bubbles at different moments under ults (v, = 1 km/s, 7, =

5 ps). The diameter of the nanobubble is 14 nm.

T FE 18 S TR) AL, B b I 0 e T B
TEOLT (F ulth 28 ultd), FL25 | & 1409 AR
431 H1 1368 A~ AL IR 4 T 9K IR A B
I 1 44 A S A [ e 220 7 i R ] 19 BT
LUK EAR R 14 nm, BT HUE w, =
1 km/s, {1 ZEis st A 7, = 3 ps. 2w
WG, LS 5 O SRGOR TR A B 9K S5
T B AR 22 52 T A ik, LS K IR B TE A
R 20 R S I ) e R RE 7 11 ps IR B K,
2.97 km/s, {H 4351 % 1368 4~ — & 1L B 43 F AN
1409 453 T HY AR I BT R 9 K S
(1 5 S BE BT TE 12 ps BHA R OR, i 1.64 km/s.
DAL ZE RN, GRS B A I SRS /N
i el YRI5 5 B A DK ST 8 ) 49 K S I 4
SSVEFTEE IR fy T b i 5Dy, SO o8 4245
W5 (18 ps LAR ), GAK I 09 B R ER/N, 2
0.6 km/s.

AR T (ult3 F1 ults) Eas 9SG

TE B A A DK S35 I ) i R R BE G €] 20 7. 4K
WY EAZN 14 nm, R FHE v, = 1 km/s, {iF %
BN E] 7, 439 3 F1 5 ps. FEAELL T ANy
T2 50 5 1) BRBAI ). ] 18 R AR AL (O 4k
FITAE B2 73 A2 ults S F 4k T 16 15
FEABSZ (3 ps) RIS ERE AT Z] (9 ps), AR
O LT I 20 3 SRR ulte3 Z R Ak
FHRIRBAETZ] (5 ps) FITERIRFARIETZ] (18 ps),
ulth S5 18 T B BA I 2 6 ps, ultd 244 T 55 B
Fr o (A 8K, Sl 13 ps. 2) 40K 5 0 0 d5 ok 3
JE . ulth F 0T 90K S e K B 1 SR R AR
3.26 km/s, MM ult3 5508 Nk 2.97 km/s. 4K
SEAIR AT, ults A PF T K S f R R

— ult3_vacuum_14 nm
3.0 — ult3_COx(1368)_14 nm
fop — ult3_0,(1409) 14 nm
|
® 25
g
&
> 20+
=
Q
2
g‘ 1.5 F
%
«
S 10}
0.5

4 (IS é 1IO 1I2 1I4 1I6 1I8 2IO 22
Time/ps

B 19 /BT (uit3) AR ZIE%5 | FRSm

S A B 299 DK AT 350 A S 01 A K S 8 B e R B . oK <

WA EAE R 14 nm

Fig. 19. Under small impulse conditions (ult3), the maxim-

um velocity of the nanojet formed by the collapse of vacu-

um, oxygen and carbon dioxide nanobubbles. The diameter
of the nanobubble is 14 nm.

3.5

— ult3_vacuum_14 nm

30k — ultd_vacuum_14 nm

2.5

y/(km-s~1)

2.0

15¢ |

Max_velocit

Lof !

0.5 L4 1t L . . . H \
2 4 6 8 10 12 14 16 18 20 22
Time/ps

K20 ANEwET (ults Al ultd) B2 98K S I R
B 20K S A B R . AR ALY AR 14 nm

Fig. 20. The maximum velocity of the nanojet formed by
the collapse of vacuum nanobubbles under different im-
pulses (ultb and ult3). The diameter of the nanobubble is

14 nm.
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2.92 km/s, i ult3 & 1 & 4 0.696 km/s, i ]
ulth M T YUK ST M T8 ult3 SRR
% 2 FRTR, AHAT ults, ultd S04 98K
(35 B I (R R S 4, HL 3w B e S U o Rl B A
N, NP SR T GRS A s R i
TR Z.

21 45 T IR B ) B SRR S
TV BB 4 K 5 3 0 e R R . ELAR 43 50l 14 il
10 nm, 14 nm Z9KSUHL5307% 718 A~ A fbAk 73
T M T334 E AT, 10 nm 98 K S 4 B
223 N T ALIR S TR 232 NEA T, AR
Gy FHUH [F]— 2 B 1 — SR SR, ER 5 F IR
BRI u, = 1 km/s, {5 JEI8 SR E] 7, =
5 ps. HAEN 14 nm A9 E 718 ALk T B4
KAHLAE 8 ps B AR St e K B TR B K,
3.4 km/s, M HARN 10 nm 15 223 D A Lik5
FRIGUKRSIITE 8 ps FF 4N A S 37 e K T P ik 31 e
K, b 272km/s. FHEH, HEHN 14 nm 195
733 NS AR TILAE 7 ps B A0K S
K FEEF A, 4 3.66 ki /s, i HAA A 10 nm
() E 232 MRS T IGKSHITE 7 ps B 9K S
it R B IS B R, R 3.14 km /s XN A
I AR AOR R UL, BR T 4 ps BFZI, I

3.5F — ult5_COy(718)_14 nm
’ —— ult5_0,(733) 14 nm
T o30}b ----ult5_CO04(223)_10 nm
L, 3.
'E ----ult5_0,(232)_10 nm
< 251
~
N
2
S 2.0}
2
£
1.5 F
%
]
E ]“0 L
Seaal -
0.5 2

é Z:L é é 1.0 1.2 1.4 1.6 1.8 20
Time/ps

Kl 21 ults(w, = 1 km/s, 7, = 5 ps) & T AF EHER
(14 1 10 nm) B SARGYK LR BT 1Y 40 K 65 30 1 doe ok
BOE . 14 nm 4K S0 2R 0 T8 A A AL R 4y T A
733 AN T, 10 nm GURATIRIMI  223 D AR T
T 232 N EAS T

Fig. 21. The maximum velocity of the nanojet formed by
the collapse of gas-containing nanobubbles with different
diameters (14 and 10 nm) under the condition of ult5 (u, =
1 km/s, 7, = 5 ps). Nanobubbles with a diameter of 14 nm
contain 718 carbon dioxide molecules and 733 oxygen mo-
lecules, respectively, and nanobubbles with a diameter of
10 nm contain 223 carbon dioxide molecules and 232 oxy-
gen molecules, respectively.

AR 2 10 i GRS B TE IR 40K S ) fi
FGEBEY/NT 14 nm (. [FIFE, XFTFAR BN &
SRR, BR T 7 ps I ZILASh, HA IS
ZIRTURIE P Saw(UFE Sy ALA LR SRR SN
JEX/NT 14 nm 1. G2RFW], BERERIAAKT
HOIRBEATE AN SR R R B R B BE R, 1t W
EIEE

3.5 BEMKKREFBEEMEESSS
AR TE 2GSRI IR
Oy FARCBEGUR P 18] 42 J7 032 8, SR -3
PR 23 B A BB MG . & AN [R) AR A A ok
SR BE G BB S AN 1E 22 . TR A B A 1]
A 18 ps, BEB p I RA & — . & 22(a).
& 22(b). K 22(d) A& 22(e) s 28 B9 AR Sy
T, & 22(c) R 22() 76 = 77 Il B HL Y JE A
4 nm. % HER B R L AR SRR T
(I 22(a) . & 22(b) FIE 22(c)), ZEHH R i 2410

Z = Frnis
30 nm 40 nm

Kl 22 ults(w, = 1 km/s, 7, = 5 ps) Ff N & A [ S5
FREIDAKRTHHREE LS (a) T1I8 A4k T;
(b) 1368 &AL 4 T (c) B (b) W#R & ; (d) 733 4
AT (o) 1409 DA T5 () I (e) BURLTE AT, [
K FRIAIE RN 2 = 30—40 nm Z[A]. GORHAMHE
124 14 nm

Fig. 22. Under ult5 (u, = 1km/s, 7, = 5 ps), the shape
comparison of nanobubbles with different numbers of gas
molecules after collapse: (a) 718 carbon dioxide molecules;
(b) 1368 carbon dioxide molecules; (c) the cross-sectional
view of Fig. (b); (d) 733 oxygen molecules; (e) 1409 oxygen
molecules; (f) the cross-sectional view of Fig. (e). The inter-
cepted range of water molecules in the figure is between z =
30-40 nm. The diameter of the nanobubble is 14 nm.
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T RS T (8 22(d). 1 22(e) FIE 22(1)).
JE R Y R K 4y 7, 78 o 7 B R EE R 1 nm.
18 ps Af, 5% 1368 P~ A B T RIS
L, & 718 AUk /I AKR SIAE 2 Tl
ST, B K EZ 0.5 nm, HHT6A B KM AL
B B 718 A AR A I K S M
TREEA 8 nm, 7 1368 > &ALk 7 UK <l
FIMFE R EE R 7 nm. FEREF R, 58 1368 1~
AALRR S T RGOSR L, & 718 > AR 7
TGRS L IR BT 1 A 9 K S A e Kl B
K. FRYKSM G A EARDR A E I

QKSIAEARF T (ult3 Flults) B
IEASIE 23 fis. hF/hfE TR TR
£, B 23(b) ME 23(e) 78 o J7 ] 8% B J& 2
2 nm. ] A B 20 s D B0 5k S D —
B A B A, ult3 4508 T #H A B 2002 28 ps, ulth
S/ P EREUA I 20 18 ps. ult3 R, —E AL
T T 2 = 26—35 nm 28], NEBMFEE, M
FATREE N 3 nm. ults &40 T, &b 1100 F
z = 31.5—40.5 nm Z A, MPEEREHR 7 nm. ult3
ST, B TFALT 2= 2735 nm ZJa], [MIf4
WHEN 2 nm. ulth &40 F, AR TFOT 2 =
31-—40.5 nm Z[A], MPAREN 7 nm. 5/ %
TEFAHLE, FERMPEZMGT, & —F2 0T
KA 2 7 A B e, 29 5 nm,
SHHFIME TR, 2% 4 nm. FEJEH Kb
ZRAF T AR 1 B R B R S B

24 25 1 T RF BRI & SRR e 4
WS MBS, B F U v, = 1 km/s,
JEiB IS A] 7, = 5 ps. X T & “EALKAIGIKRR
1, 8 ps B 10 nm K 58 3 ba (Kl 24(d)),
BB AR A 43 R AR I HE S an ek 1T 11— 4343
1, 14 nm PPRAHIEAR T 2R (K 24(a)). 18 ps
P ELAR AR S (18] 24(b) AT 24(e)) HhE]
DX B 2 & 2B VTR, 14 o 499 206 2000 B0 TV 6 3 2
8 nm ([& 24(c)), 10 nm 44 K LAY U B4 VR B2 A
6 nm ([&] 24(f)). 18 ps B 14 nm FIKIHY 5
e F FRAT 2 = 3341 nm 2 8] (&
24(b)), 10 nm KL Ak o+ F RN T
z = 32—39 nm Z[H] (|# 24(e)), 14 nm G K
SRS FTE 2 07 10 B0 B S0, 8 Y BER 20 y
2 nm. FEEIE iR E AR GKR S8 B T B 4 K

SR EROR B B B, &4 T ARGl
BB ORISR S A i — 2L

i -
30 nm 40 nm

(a) (b) (e)

&

(d) (e)

K23 ORIEehE TR IR RE RS LR (a) ult3,
1368 4~ 4 AL B% 4> 7 ; (b) B () A9 #k 1 K ; (c) ults,
1368 > AL 4> T (d) ult3, 1409 A S50 T (e)
(d) AR &5 () ulth, 1409 4440 F. [ HoK 437 8
ML 2 = 30—40 nm Z[A]. KM EAZ N 14 nm

Fig. 23. The shape comparison of nanobubbles after crush-
ing under different impulses: (a) ult3, 1368 carbon dioxide
molecules; (b) the cross-sectional view of Fig. (a); (c) ults,
1368 carbon dioxide molecules; (d) ult3, 1409 oxygen mo-
lecules; (e) the cross-sectional view of Fig. (d); (f) ult5,
1409 oxygen molecules. The intercepted range of water mo-
lecules in the figure is between z = 30-40 nm. The diamet-
er of the nanobubble is 14 nm.

3.6 —HZENH

AL 2 B — AR AR S (1368 > 4R
i 73 1) 58 435 B I IR I 48 2 B 2 A I &) 25
frs. B BB A g/ce (1 g/ece = 1 g/em? =
1000 kg/m?). KA BN 14 nm, R+l
FE w, = 1 km/s, iGFEiZ s H] 7, = 5 ps. WG
Z) (Kl 25(a)) FO L F 2 = 25 nm b5 A3
JE XA YRS HITEN B, TR y F0 o2 3R
AR, ORI 2. Y uhdi
ZilJa, 78 2 < 10 nm YK (B 25(a)) B A
BRAR, BRI M 1390 kg/m3, TG EC &iash
T 5 ps, Bl 2 = 60 nm PRI A X I 0% SR
whh Bk S 1] +2 B, 3 ps (K] 25(b)) B e
7 VI 3 38 4 K A 30T g, L IR B AR
1358 kg/m?, % W TE . 6 ps(/&] 25(c)) i
Hr i O &IFE YR TMIRIG 2 —F, B EEEE N
1154 kg/m>. 9 ps (18 25(d)) BRI 58 2156,
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Z= 7= Z = 2 Z= A
23 nm 33 nm 31 nm 42 nm 31 nm 42 nm

X

vt

(g) 8 ps (i) 18 ps

(j) 8 ps (k) 18 ps (1) 18 ps

K24 A ERE S TR R ERTE RIESEML  (a)—(c) BN 14 nm B9 718 > AR T B 94k <l H:
T (c) J2 (b) MR (d)—(f) HARN 10 nm K7 223 D R ARG > T A 9K 0, Horb (1) J2 (o) MBHIA; (g)—() HAE N

14 nm B 5 733 DR T RYGOR M, Horb (1) 52 (h) BT 5] 5

(3)— () AN 10 nm By 232 DRSS TGRS, H

(1) 2 (k) WAL 8 ps I KT UL DY 2 = 23—33 nm Z [, 18 ps B K73 T IR E N 2 = 31—42 nm Z A

Fig. 24. The morphological changes of gas-containing nanobubbles with different diameters before and after they are completely col-

lapsed: (a)—(c) nanobubble with a diameter of 14 nm containing 718 carbon dioxide molecules, where (c) is the cross-sectional view

of (b); (d)—(f) nanobubble with a diameter of 10 nm containing 223 carbon dioxide molecules, where (f) is the cross-sectional view of

(e); (g)—(1) nanobubble with a diameter of 14 nm containing 733 oxygen molecules, where (i) is the cross-sectional view of (h);

(j)—(1) nanobubble with a diameter of 14 nm containing 232 oxygen molecules, where (1) is the cross-sectional view of (k). The inter-

cepted range of water molecules at 8 ps is between z = 23-33 nm, and the intercepted range of water molecules at 18 ps is between

2z = 31-42 nm.

y/nm

y/nm

10 20 30 40 50 60 10 20 30
z/nm z/nm

g/cc

- Z/nm
40 50 60 10 20 30 40 50 60

z/nm

25 ults(u, = 1 km/s, 7, = 5 ps) F&AF T AR 2055 A ALBRAR U (1368 4> 4kt 2> 1) 58 238 M TG 19 295 2%

i R H Y EAE N 14 nm

Fig. 25. The two-dimensional density distribution before and after the complete collapse of carbon dioxide-containing nanobubble
(1368 carbon dioxide molecules) at different moments under the condition of ult5 (u, = 1 km/s, 7, = 5 ps). The diameter of the

nanobubble is 14 nm.

PR N 1119 kg/m?, 55 0 ps B (1390 kg/m?)
M, CERINRZ, 7F 2 =~ 30 nm AL BUNA
TERMIRE L X, 456 HT R 9K AR S A8 4 1)
TR, 48 AR ADOKR IR 8 2 FERT, —
AR 7§ BB TR B AR LI, M A fl

ST SR HES QR Y — 4, PIHOZARE X
Sl P48 B — R 1 AR Sy I . R, bl
W AR ST + 2 J5 T AL, I BE DXL 1)+ 2 S [ 32
gy (1 25(e)), BEBEWEMEA FTHE K, 12 ps I 5% i 0
{E N 1190 kg/m?. 18 ps (& 25(f)) I 25 JiE 5 il 2
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1175 kg/m?, M RTHEAL T 2 = 54 nm &b, H
K 22(b) AT, 7 F 2 ~ 3540 nm 2 [A] B fIL 23
JEE DX 07 Ak 1) — S A A3 T

16 ps B FL25 5 & A AbBR IR SO0 (53515
718 M 1368 A Ak 4> 1) B FA IS 1Y —4E%
FESM AN 26 R, KR EARY 14 nm, KL
THE w, = 1 km/s, WG ZEBZNE 7, = 5 ps. 4
YUK T AT 5, BT 4k
O3 TRE AR Y XA B Ah (i o1 B0
2, AR X ), 20 60 X3 5 s 4k
BB G /AT —3, FRRUERL T IR 52 i i (9 1%
. MFEGOR ER Sl R0 T, SRRk
S (430 733 AT 1409 MRS T) WIEE
U AT S Z 2R

y/nm

y/nm

y/nm

10 20 30 40 50 60
z/nm

Kl 26 ults(u, = 1 km/s, 7, = 5 ps) 5T 16 ps i L%
5& TEARRIR O SE A A S B TR R A gk
ALY EAA 14 nm

Fig. 26. The two-dimensional density distribution before
and after the complete collapse of vacuum and carbon diox-
ide-containing nanobubbles at 16 ps under the condition of
ult (u, = 1km/s, 7, = 5 ps). The diameter of the nano-
bubble is 14 nm.

K27 5 T ARE PR (ulth Fl ultd) &4
YRS (1409 MEEST) IR IG IR I 48
B REAY A JE PR BT B 20 A e B A T ) —
Ui ). ulth 450 T (Rnpig), FE7E R W 0 3%
BEBRAR 25 G N 1178 kg/m?, i ult3 544 F
(NrhEE), BRI 1039 kg/m3, B RS AN
. 5 ulth AL, ult3 ZEH AT 2 = 32 nm

b (A 27(a)) AR B2 X a0 €0 X 0, D 4
SO THEERAE, K 23(d)— & 23(f) FRIA ST
BB 5 F4) AR UESE T 3K — .

y/nm

y/nm

g

=

>~ Z/nm
10 20 30 40 50 60

x/nm

B 27 N[ ah i T (ults M oul t3) & E Nk K
(1409 AR50 1) 8 R R 5 ) e85 0. Rl
B ELAR R 14 nm. ult5 Z&fF T4 18 ps I %1, ult3 2 F T 4
28 ps I Z1

Fig. 27. The two-dimensional density distribution before
and after the complete collapse of oxygen-containing nano-
bubbles (1409 carbon dioxide molecules) under different im-
pulses (ultb and ult3). The diameter of the nanobubble is
14 nm. It is 18 ps under condition of ult5 and 28 ps under

condition of ult3.

TR AR B R ORI 5 2 S AT S 1Y
YR R AR AP 28 TR, AR A A 14 AN
10 nm, 14 nm KRS 733 PMAS 7T, 10 nm
AR 232 MR, XERA R —%
BE SRR, RT3 w, = 1 km/s, TR %5 3)
HHE] 7, = 5 ps. 5 ps B (& 28(a) A 28(d)) Al
HARR ARSI TER B . 8 ps I (18] 28(b) A0
Pl 28(e))10 nm K T EARE/D, B84
B, S REIE(EA 1213 kg/m?, 14 nm PR TLIER
SEARG, % IE(E A 1097 kg/m3. WL E 28(c)
FE 28(f) J5 %t He & B, 10 nm 44K <38 K R
R A TR R VA e iy 611 I8 IR s T & 5
P14 nm PORSIHH T EREK, S8R0 T2,
16 ps B AT & B 40 S5+ R AL AR % B X8k, 7
z =~ 3540 nm Z[0] (& 28(f)), 1Mi 10 nm FK<
WH TR T, BEAFULEE X, & 24(h)
(14 nm) FE 24(k)(10 nm) A5 F I ROR 548
AP AAESE T aX — 5. 16 ps B, 14 nm 20K
P IE(E A 1185 kg/m?, 10 nm 44K S0 1Y % &
EAH > 1206 kg/m?.
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y/nm

y/nm

10 20 30 40 50 60 10 20

z/nm z/nm

40 50 60 10 20 30 40 50 60
z/nm

M 28 ults(u, = 1 km/s, 7, = 5 ps) Z&AF F AR AR (14 A 10 nm) 5 LGRS 58 IR B RIS 19 48 % B 40 i . 14 nm 44

K 733 AR, 10 nm ARSI 232 MRS T

Fig. 28. The two-dimensional density distribution before and after the complete collapse of oxygen-containing nanobubbles with dif-

ferent diameters (14 and 10 nm) under the condition of ult5 (u, = 1 km/s, 7, = 5 ps). A nanobubble with a diameter of 14 nm con-

tains 733 oxygen molecules, and a nanobubble with a diameter of 10 nm contains 232 oxygen molecules.

ARG F s F12E 4580 T s P oK
B3 RS SR F AR SR BEAT R, 438 T 9
KA TEEIRFARTIE W Ty B R A
KBS A BB RN S e 28k, FRak st
SIRBART, A TR, BEIE O, R R 4
PAR G ES =3 IR UL Faa7 2 5 by S W U RS ] 21 I A A |
Sz By, FL R O R T K S
ST EIA)E, GURSHRAREE ) 42 F 138 8, i
FRIJR T ABEEY, TR T 4R T R, S Sk 0 2
IR, S RIS IR BT 2112 5RIE 2
10, PRGOS 8 I AR 2R IR0, 775
Wt WIS, R T RIS Ak 1) 42 J7 )i
By, AR X AR R AR RS T8 o
o I A P AR S Y ELAR S R SRR
TR IRBAA T M 1 s .

1) ANFEASERSFEL B EZS YO A
ST, B TS MAL B BE oA A, HoAthIX 45
Kol AT SR B Y S s — 3 IR
s e A O e AR I B U R UL Fo A1 R Y2 DA S B W FRUENTI RO
Tk . KA AR, SRS A
1368 4~ Ak /1 (k& 1409 N E A T) W
Yk A L, A TI8 A R AL o T (A
733 MR TF) BIAUR I B TE B 40K SR
PR GR BERER. AR50 e 3R 5 AR T8l
YRR SR A B Rk, fe 2 B SRS T IR S

A

H e K /N T B s 1. S upi Ik & T 55—
mF, MRS, 59 1368 4 A L 7 (85
1409 MEAF) MPPRSIEARLL, & 718 P4
oAl o (B0 733 NS ) MR R
2T IS S, B K E 2 0.5 nm, HET6GA K
FAFLI B, MRAVREE R 1 nm.

2) AN[ElwpE. AT ultd &4 (/M) ults
SR (o) BAR 14 nm AIZ8K S B IR
BT 13 ps (ult3) 465N 6 ps, [A]—f Z wh i
2t IR R TR, HARN 14 nm Y E AN
KA 5E I FAIT, ults 254 F 98 KB 0 ik
R 2.92 km/s, 1M ult3 244 F 4 0.696 km/s,
VLA R T (ulth) 9K S 0 b F1 4/ b i
(ult3) R L. FERMEZMT (ulth), &+
L0y TR K SIHIAE 2 J7 1) B2 e, 4
B2k 5 nm, KHEHFFIMEE L, 207 4 nm.

3) AR EAR. ultd 40T, 5EHAAH 10 nm
QKSUAR L, BIAR N 14 nm B9 K U0 3 B
WHE 5 ps #EINR 6 ps, [A— 21, sl gead it
Y5 BE R T8N, i AL RS . B T AN e
%), HAYI 20 42 14 nm B0 K S8 BE TR
4 240 K SO 1 B R T F4 K F 10 nm 1, D PR
TR B AR B AN K AR B T B 118 40 K S5 38 1) e
HOR. Y hd i 2R & T 5 — i, MEAET,
HEAZR 10 nm 1Y& AR (223 Ak
TF) Gk ML, HARN 14 nm A Ak
KA B R BE R 2 nm, R ALBR > T EIRAE
2 7 I B, B R 29k 2 nm.
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Abstract

The nanobubbles contained in the human body are induced to collapse by the shock wave, and thus
produce a strong impact and high-speed nanojet, resulting in trauma to human tissues. The collapse of
nanobubbles in water caused by shock waves is investigated by molecular dynamics. Nanobubbles are divided
into three types: vacuum nanobubble, carbon dioxide nanobubble, and oxygen nanobubble. The influence of
factors such as the number of gas molecules, the diameter of the nanobubbles, and the impulse of the shock
wave on the bubble collapse are considered separately. The results show that the addition of gas molecules to
vacuum nanobubbles does not affect the propagation of shock waves. However, before the nanobubbles are
completely collapsed, the maximum velocity of the nanojet formed by the collapse of nanobubbles containing
718 carbon dioxide molecules (or 733 oxygen molecules) is larger than that of vacuum and nanobubbles
containing 1368 carbon dioxide molecules (or 1409 oxygen molecules). After the nanobubbles are completely
collapsed, the gas molecules cause the velocity of the nanojet to decay, and finally the maximum velocity of the
nanojet containing gas molecules is less than that of the vacuum nanojet. In addition, it is also found that the
collapse time of nanobubbles is short at high impulse, and the density and pressure when the shock wave passes
at the same time are both greater. After the bubble collapses, the maximum velocity of the nanojet is larger,
and the impact force is much stronger than that at a small impulse. Larger diameter nanobubble has a longer
collapse time, and the density and pressure when the shock wave passes at the same time are both smaller, and
the shock wave propagation is slower, but the maximum speed of the nanojet is larger. The impact is stronger.
The greater the maximum velocity of the nanojet, the greater the distance that is dispersed by the gas

molecules of the gas-containing nanobubbles in the impact direction will be and the deeper the depression.

Keywords: shock wave, nanobubble, collapse, nanojet, molecular dynamics

PACS: 47.55.dd, 47.11.Mn, 47.40.—x DOI: 10.7498/aps.70.20210058

* Project supported by the Fundamental Research Fund for the Central Universities, China (Grant No. 30919011239).

1 Corresponding author. E-mail: taogang@njust.edu.cn

134702-19


http://doi.org/10.7498/aps.70.20210058
http://doi.org/10.7498/aps.70.20210058
mailto:taogang@njust.edu.cn
mailto:taogang@njust.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

