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TRSERIRS B BRI A AR R 3) 7722 7

2 ZRJREEHFERI

N 1 FTR, S R G KA R R AR
RGP R B OGIR BT 6 454 4Lk

BT KAE I, LA HFRUTREER: 1) A
SN ASRTEA. MU KA RS ROR, NI 1 5 S 3
O S TR A R R . 2) R R
GLIEONT. KA RST R /N, K ERE RL OR ZR  E, R
JERR e R R A S BB . 3) KA BT
B, A MERE. KA RT R ), BE R R, i i
SRR BN oKk, 4) K EEA T E, FT
AR E). KA RATEOK, B, HE A,
LRSI B R . 28 3oy o J0 0 RN 91 Ak e
dPERETHE, 25 BB AT A N 52 5 M0 L B TR 77 Bl
UG P o P S 25 TN 3, /K P BE RS A e ol 1.2
m(K) x 1.2 m(%) x 1.0 m(%). KEL%T 0.6 g
RDX % 247K N B JETE 5 i K AR ) 445, L
FIZKAE B 8 mm SRR ST B, DU BETTF A7 W5 A
MEE A 32 mm 7R S, RSF 500 mm x 700
mm. ZKFE T BRI A BEREN 5 mm J5 AR B,
PR el i .

FIE B RGHMN & mER G PG EILA
PRI R B R 2 i, T R B 0 4 R AR 3 112

K

FRAT

T

o

ples r

AR, 8 R ) e B S B OC A B e
SEAGHIL, ST AT AV R AN I R B 4 B ) [
. PG RS EIE Y 2 4000 m/s, 1
E 51N 512 x 800 F11024 x 1008.

TR A E, (UE ARG BB T
i, AEE s G AR a2k, s g
BT RE. BT R AR AT BLIAL R B R AR AL

FAT 3 m, [ 8 T KA A EE, FH T #5 58 /K 5

e 24 5 FIRC R IR JBE 2 R ) ST 16 4 SR 1) O At TR
&, R FREBERE d AR R Ry
1B d/ R (BRI LA IR FE ) FAIE 25 24 5 I EC 3R 2 1)
S, HHAT R OT RTINSk TE RS AT
G T R B Se I i 2 5 0]
T d/Rm < 1LHITF%AF, d/Rym = 0, 0.201, 0.301,
0.401, 0.502, 0.603, 0.804 (X} 5 2 1 iR £ 5 51 N
0 m, 0.03 m, 0.045 m, 0.06 m, 0.075 m, 0.09 m,
0.12 m), fld/Ry > 1 7F %, d/Rym = 1.007,
1.209, 1.412, 1.615, 1.819, 2.023, 2.227 (X} N itz Ji&
WREEZr 979 0.15 m, 0.18 m, 0.21 m, 0.24 m, 0.27
m, 0.30 m, 0.33 m). Jrif) 14 Fhecio 2w 1
KT FNR K R X ARABL AR D, DA S AR R 2
ISR AR RO, 85 9250 2 kAT T
HEE S, SR T LI RGN AT .
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3 LSRG
3.1 HAUKFHSRHRTIR

WG AR S R, R I K K R IE S,
7N R BN T8 | e G R b NP AN WAE: 3/ 2
HENUY Za v N S TIPS R{E 5% S N Eta ek X L
5% S5 KA | T LS KR L T QIO S AR A
KRB UK FEE 6 R RIS, K MK i L5
FHELARAR, I B RS R 32 1A 48 T o) BT HE R 1
B, R EAKRIESKEAR LR, T
R LEBIER EE R 73 9 4 BUGHL, AR R ASE AR U0 F

P 2 BT 7 D9 A% 170 58 5 7R AT 7S 000 1 o 2 25
TR F (R AR R R RS LA K P AR T AT AR I A,
PG R R R e B K T A SE R O, B
d/Rm = OMISER M. REZERARE, rhdi i
EIEYSMIAR AL R, KR R b A BR

SR | E W

K2 d=0mMEEKEMGEREELE  (a)—

(h) KA, (1)—

T, K KR AR ) Kk, T AR [ F S 7K
(K2 (a), (1)); KIEAIBERSAHE, BE=PAME
) A SRR, (RTINS 1) A3 N B 7 ) AR 6 AR B8, 7
i 58 38 TR AE T B 3 7 ) S A 485 s ARV P R BE K
TS TR, IRV SO T VR, 1A SRR TR R
LR R B IR KR ) s 3, TR A S
TR )RR KSR (B2 (b)—(d), ()—(1));
Mt = 47.75 ms B, SR K B 5K T IR 4,
AR M EiE 8 (B2 (m)—(p)), IR T I
JUSH kIS, AR ) ROSF 4R 829 K, B &2 TF /K .
AR ORI SE BT, HREE T, Wwfﬁﬂ
3R 25 A IR AL T 2% (2 (e)—(h)).

SR, WK TR K R B E TR K SR B RS %ﬂﬁ/ﬁizm
5 B K B0 TE BRI 2L S T K S R
T A RINLERAS [ (55 7k B 38 25 21 i) ek A8 s 56 v
d/Rm = 0.083 2 A+ F 45 REATXI L), HAREKI

(p) A UHATALR. (a),

(i) t = 0.25 ms; (b), (j) t = 6.5 ms; (c¢), (k) t = 34 ms, (d), (1) t = 86.5 ms; (e), (m) t = 150 ms; (f), (n)

t = 200 ms; (g), (o) t =250 ms; (h), (p) t = 350 ms
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TE: 1) K T IRIETE BOK A 1 i B 446 TS ELAR
(9 7—10 %, 1 FE K8 S 56 T2 K SRR 1 s B 24 45
TAWERR 34 %, 2) KT EBIEIE R KSR
SRR TSR B RSB ER R, AR
] /K3 1) _E G R 0 T FVE R S5 3, =R R
TR ) 3G AR, T F AR S B0 T ) K S
WA KA EFIVER T I R A0 B T %
(1. 3) 7K T IRNE T U K S R % A2 e i, 1T He
KAESLIR T B K S AS BEAR E B

B3 T 7R A K 2R 3 B S KR R OK S R
SMEEKFERED SR XK T
0.201 < d/Ry, < 0.804 FSZHG 2% fF. 35 240 1
J&, H S AE K T BT W %% B B 20 A I O (R
o U K T S B R 5 ), KT BRI S PR K
t = 0.25 ms i}, FELESILE KT 2 8] H B (a0

K 3 (h) fros, R VR 2 NV ALE, XN

RS

SR 1M
3 d = 0.06 m R, BEEKEASHFED TR

(a)—(g) WAKFRAESHEADLRE, (h)—(m) F S EA L

AHLIE), B I 38 T S (S R
IF1240 1.5 ms), B BRGS0 S0 s, K
TR R 3 8 A T 1 5 o 9 )
VAT R B, A TR, R
P AR, KT T P T B KR (P 3 (d));
BRI, TP T B
(B3 (1)—(K); 24K BB RS, Ui IR iR
4, R AL LT RS, (8 LA R
5 K 2 AR S M2 7 ) A 1 SR R
WL, B TR E 5 RE AN, T P KR T
BT KIS (B3 (d)—(); I LEs, 1
ST R R, R K P R
R SUAT ), R AL (B3 (1) (), A0
WG TSR, I FL A Al A 35 — kBl
B, TR RE M, LA

B,
o

“B” AR

2. (a), (h) t = 1 ms; (b), (i) t = 1.75 ms; (c), (j) t = 3 ms; (d), (k) t = 7.5 ms; (e), (1) t = 16 ms; (f), (m)

t =35 ms; (g), (n) t = 48 ms

L H, 240201 < d/Ry, < 0.401 1, KFE I
GANWY L AF T T SR AR 45 8 N () AR LG, 7K
SFFUAL o B RN B B S AN R 240,502 < d/ Ry <
0.603 B, 7K 2 I G W 55, 36 B Vot S /KR B0 G F 8
ARSI DR S = s o E DO 5/ N

d/ Ry, = 0.804 I}, Sfl D RSHIR/IN, 1AM U
RE R, BRI B i N PR AR T KR )
WINR. 5 KA L (U ik B8 B K AL S5
Hi, d/Ry = 0.58, 0.78 214 T s Ie 45 5 P1): 1)
BN SITE KT 25 S aa i FE b, B =<
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A )RR O T 3 T 8 S5 AR AR 7K ST %) AR J
DR, T HE K AE T I B A 2 S I A« 7K &R (19 ik
T HK AR B b i AR S5 3 2) KR BRI szt
{10 2 M e KRR R R SR = A T ST IR B B, T

FL K AE S0 H KA P AR T AR IR AR T R 3) K T R
JESIG ) BRI SR PRI R BURIE N R RE =
BEEAR, A AR BR AT HE N USRI B, T FE K AE S50
e BT SE, SEUKEBS P AE; 4)KF
PRSI0 | 1 B KA RUK SR A R AR &
SARFIKFVRE), T LK AR SEE6 HR3RAR 7K A R
TAHIK.

B 4 7 9 7K RT3 % IR P AR T 25 7K
T WA R, XA IR AT 1.007 < d/Ry <

LA12 P SEIe ok . BeZgldiR e, B ek N U %
B EAINDG, IAFAE — S 2, JKIH H I 7K
)b R I e X A R ERTE AU AR, %2
TP EE W IR B /NS, RN TR B SR 5 K T
Z WS BRI G, % X 8k R e w42 3
1) A 2R 5 AR Ik B2k, RO R,
i) b R K 2K KR Figg); ¢ = 9 ms

E=U
WKl

el e X

HRNE P

K4 d=0.15 m i, BXEKERSIE MR

(a)—

(i) AkFE A ERAR R, ()—

i, SR B &K, [REEIEERE, I BT E
WG R T LA AR, SRR S K LR AT AR KR
B [T Hs, <O Bl FURE, ¢ = 20.25
ms IS B A /N RS — IR IR AU 4
P FE A, K B KR Fegem B3b, Sk 2
AN 73 16| Waate o e/ @ S ) = N 111 A 7
RS BT B, FRAE KSR b e AR IR R IR K
W (E 4 (d)—(f); F R, BSEAHE 2K
T, Wi BA i b i i RS K2 mA
FAEIE R A (B4 (0)); RIS IRIEIK 25K
I, SRR N T8 — IR R AR RIS Ik
4, t = 39.5 ms BRI 2/ (Bl 4 (p)); BEJE,
SWAFAEZ Kk sh, B RBURAVIR, & #i M Fig
31, SR IR R 2 JE kNI FER K R LA
FEF= AR, 7K B AR S, Bl ) TR R
IKFEAEE I T RIVE, TR T T kK A %
BHIKE (B4 (6)—>1)). S5HKIELIEH T (dnTk
Bl 78 FE K AL SEEG 1, d/ Ry = 1.08 461F FHISLIR &5

SR TG 6HIOKRE & R 7K T R RS,

A

RUAE E R

( )ﬁwl@ﬁ/ N EL%:': (a),

(§) t =1.5 ms; (b), (1) t =16 ms; (c), (n) t = 20.25 ms; (d) t = 40 ms; (e) t = 60 ms; (f) t = 70 ms; (g) t = 110

ms; (h) ¢t = 150 ms; (i) t = 210 ms; (k) t = 9 ms; (m

) t =18.25 ms; (o) t = 30 ms; (p) t = 39.5 ms
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“BR” BRI Vi T A [4] I R

(o)
5 d=0.24 mM, BAACERRINERLRE  (a)—() AKEIEEEERLRE, (k)—(o) NP AR
. (a), (k) t = 0.5 ms; (b), () t =4 ms; (c), (m) ¢t = 11 ms; (d), (n) ¢t = 20 ms; (e), (o) t = 25.5 ms; (f)
t =35ms; (g) t =45 ms; (h) t =55 ms; (i) t = 75 ms; (j) ¢t = 120 ms

'\ (a) (b) (e) (d)

v

0.804/1.007 1.412/1.615 2.227

d/Ru

6 LRI T A B HL R BERT_ETH I (] AR R al AR /KAE; a2, b3 97K b2 T E T
IKEE; b1, cl, d1 WKER; 2, d2 W ZIRKE; 3 N CHUKAE

TSR I R KA EL b B A 4 R, T FL R AE
SIS, A B B NI B IR ST R A
HAA KA P AR, DR e 5256 77 T %
AR LR A BT ).

K5 BT K &A1 ZUOK FEE AR R, X v
F1.615 < d/Rpm < 2227 KISEUR S 1F. B 25208
J&, TE/K MR WSS A BN, FFAE— %A
R BRI RE I K, W8 A BE H IR
AL, RS NIR, KT K ) B, ok
Ry WLEET N BE ) /NS BT Y 18, BRE S

BRI ) e K AT e Hs, SR 2B IR 2 5
/N KR MRS B R 7 N, KT L ROK
%, H¥d=0.24m, 0.27 m i, SIEUHE 2 /N
f AR, 2d = 0.3 m, 0.33 m i, SIEI4E 5
NI AT AR IERTE, I IR R ERIE K, 1 E
BT; SR R B K, R B KRN TR
— R B R AR, AEEE R4 B R R,
BE 5, SIAFAE 2 BB IS FE. 5 H ket o
FHEE (s B 38 s K AL SR8, d/ Ry = 2.63 %6 1F
THIsEEEE R PO 1) BIEE KR IROK R
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N TR bR AR B UK, S R R R A
JKCTH S 5 PR 5 3R T R K ARSI o AN AR AE B Gl
K, TR IR KRS B K HESh T ) e
IKE. 2) BT PRSI AR B E A R R
K THR ELBz, I 2B e S R Kb AR
P85S, HASBELE KT AR 25 1K Fe.

5 b, AR R 25 B L AR AN B T ek 1]
AR R A 6 P

3.2 HEHIRENS A NESHS
3.2.1 RiEmKF#HE

I, RIS 2 BT A R OR AR Ry maxs
y 57 AR O 5 R R EE B Ry max 7
J A O 5 KT B EE B hy oy 1, 2B EATBEEE
BIR FE AR A I 2R n B 7 s, 45 SR EoR: 1) 14
FhZ&AET, BN £ K, Rymax 5
Ry max ¢ FROTAH 2, BEHA B el /K T AOR 0E E2F
PR R, 2) M d/Ry = OFF, R K4
Ry max LVRRIKIEIE IR K VAL Ry max iz 1114
fi%; 3) M d/Ry, < 0.502 1F, it I K 41 A {8 2B
BEEL, hymax - < Romax 4) 290.603 < d/Ry, < 1
I, B OREDRR B N T AR I i K AR, (H S PR
DU B Dy e 1 NIRRT MK R LT 2
1, hymax 1 > Romax; 5) 21 < d/Rw < 1.412
I, R IR R T AE B OK R, R R I,
Py max & > Romax; 6) 2 d/Ry > 1.6150, T

%Ekﬂé, Ry max = Ry max ~ = hy max -

0.18
0.16
0.14
£ 0.12
~
o
0-10 —0— Ry max
0.08 —8— Rymax¥
Pmaxt
0.06
004 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 0.50 1.00 1.50 2.00 2.50
d/ Rmax

7 A R RST BE LA L I AE A

3.2.2 A aRks JE R
TSk 14 P 2R, SN R IR I [R] Ty, A
fksh BHAT, W3 1 Fro~. S 14 NIRKBEE, H

SR K B 18] T, = 10.75 ms, <9 ik 30
Ty = 215 ms, WART = 2Tyy. HIEER: 1)
2 d/Ry = O, IRk 3l 382 K i 1) 25 5z
KT HAEAM, Ty ~ 44Ty, T > 4.7Ty; 2) 4
0.201 < d/Ry < 0.502 0, it ik i a0, Y4
i, BIT > 2Ty, Ty ~ (0.5—0.7)Tyyy, T >
2.3T%; 3) 0.603 < d/Ry < 1.00THF, T > 2Ty,
Ty, ~ (0.7—0.8)Tizps; 4) M d/ Ry, > 1.209 1, <3l
2K S B R fbk 50 Jo S R K 2% A
F1 KRS A 5 e

I B
#* M iﬁ/ﬁjf —éfﬁ/n; Ty /Ty T/Ti
01 0000 47.75 >100 4.4 >4.7
02 0201 525 >50 0.5 >2.3
03 0.301 75 >50 0.7 >2.3
04 0401 65  >50 0.6 >2.3
05 0502 775  >50 0.7 >2.3
06 0.603 7 225 0.7 1.0
07 0.804 75 20.75 0.7 1.0
08 1.007 9 2025 0.8 0.9
09 1209  10.75 215 1.0 1.0
10 1412 105 2125 1.0 1.0
11 1.615 11 2275 1.0 1.1
12 1.819 11 225 1.0 1.0
13 2023 1075 2175 1.0 1.0
14 2227 1075 215 1.0 1.0

3.2.3 AEKF

D2 25 e A S5 T AT 2 A 1D o Sy A A iR
A, DRI Z THIN A, MRS BRI AL
BRI b Obi R, et 2w B S pios.
bl 4 Bl 2 A N AL SR RS AR AT S 1) B8 (a)
ih 2k 5 Al = AN M b, SRR A B N R R,
BRI EE K, BEEE 3.5 ms LN, X
8 bR T IR K, B S R b SR T 3 2k K TR
2SR AR, A R A e e L R
HAWIRGE 5 A s a5, AU 4 it )
Jew K, M40 ms. 2) B8 (b) M (c) KL iA A
B ik FEAHACL, AT B[] L R A B TR, A<
O EA TR, HES (b) FAB K i
i K TH, W4RRT EREN R R E L TR, THE®E
FEFAE . B8 (c) A O R RS B AN 4%
18, H FRmALEE RN AR . 3) I 8 (d) HER/KEE
YESIRIA S B — 8, R T RIFMERIE Y
&, BRI S R R oL R I,
T LE SRR Bl f5 /N S P R RS
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0.20
0.16 (a) — il
—o— 1jiy
0.12 | N
0.08 |-
. 0.04 A‘A\Ak
~ or
2% [ L] ...~.%
—0.08 | e
—0.12F
—0.16 |
—0.20 PR R R R U R
—10 0 10 20 30 40 50 60
t/ms
0.20
015 © —— 4
0.10 —o— i
/ —a— ki
0051 4
200
N _o.05F R
—0.10 | i
—0.151 u
—0.20 |
70 25 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
-5 0 5 10 15 20 25 30 35 40 45

t/ms

e A b ISR i S AR
m); (¢) d/Rm = 1.209 (d =0.18 m) ;

i

ARSCEE TN M B RDX 352510 K K T B AE
KIS RS, JFHEAT T 2 AR RK T RS R

4 %

PR 2D vl AR 7 ik A B T R AN KR T 2 17
ARSI RE, I I TR A AR R A GRS

TRRIIBE T, RIF TG RT:

1) JE KT K S AR, 77 A 4% n) 5 7K AT L 7K
SRPUAL S B SR KO L Tl KRR L K 3 = RoK
FEEN AR RIS, B S SRS U
TR =MAIRTER, &2 NG ik
JE AT NS K N ILAR. Bl A H A R FE AT b I (]
A4, ZK TR R 2—3 FhK R TR 45 B8 AR i 2.

2) FNPIIEAS KT BT O L3 5 A AH 7). 43 1] 15
SR 7K R i B T S KA R ARV SR N PN AR
WA IR A TR R, (RS [l M B KA P A TS
/@Eyﬁ&%ﬂﬁﬂﬁ&%ﬁﬁ%# WG IS N A5 P2 )RR O

IR IR PRE IS B, 2 B SR A AR TR RK
EPFHJ%EUJ&KEM%E’J%# LI P S 2 B O
TE, Wl 284050/ S AR 2 B ) B
J5£ PR THE B 7K S T B ABL T 5 R S R TR A%
AR, R PEE Bh B K Rh ATAR  AE H R Re

7K He

S,/m

Sy/m

0.16

0.12 I
0.08 I
0.04 I

—0.04
—0.08
—0.12F

—0.16

0.16
0.12-_(‘?1) —8— T
0.04 ,“"\

of b——ﬂ

—0.04
SN
70.12

—o0.6f

020 N R

-5 0 5 10 15 20 25 30 35 40 45 50

t/ms

(a) d/Rm = 0.401 (d = 0.06 m) ; (b) d/Rm = 0.804 (d = 0.12
(d) d/Rum = 2.023 (d = 0.30 m)

fiﬂzr“ T KUK AR A2 T AR BH R A S50 2% AF,
W AR R, K AR [ TR 1) 45 R K F A
0\7J<% G 0l 2 1 R N O U K T S )
4k
) LC A9 R B B R TR B ) S
Mizghid . HHBIRE d/Ry = 0B Ry max =~
VAR, max iz Ty =~ 44Ty, T > 4.7T%, %i@%&éﬁ
WA, NS E EPUER D) 250.201 < d/Rm
0.502 1, hypmax 1 < Ramaxs Ty = (0.5—0.7) Tyepy,
T > 23Ty, "R RE T, BAWIHRE, f
JE HAZR 1 H4F 5 240.603 < d/ Ry, < 1.007 B,
WEIIVEILE, hymax + > Remaxs Ty ~ (0.7—
0.8)Typ, Ty ~ (0.9—1.0) Ty, LU AT L FE 1,
BT O TR Bd/Ra > 12090, hy oy >
Rzmaxu Tnj} ~ T;‘;ﬁ'gﬁ/;, T~ Tﬁ;, /—:‘w@‘qﬁé‘ﬁﬁfgr{jv /_jh
W OALE LA, SRR B /N, S
CrE T #2.

SE
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Dynamics of the interaction between explosion bubble
and free surface”

Wang Shu-Shan Li Mei!  Ma Feng
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Abstract

A strong coupling effect between the bubble and water occurs when an explosive bubble expands and contracts near
the water surface, leading to the complex changes of the flow field and various shapes of water plumes. An experimental
system for small equivalent of charge RDX is designed to investigate the relations between the shapes of water plumes
and the changes of the flow field. Two synchronized high speed cameras are used to record the changing process of the
shapes of bubbles and water plume. Three typical shapes of bubble and six typical shapes of water plumes are observed.
By theoretical analysis and direct observation of flow field changes among the bubble, the water surface, and the air, the
evolution rule and formation mechanism of the six shapes of water plumes are already revealed. Experimental results are
also compared with that from the experiment of bubbles formed by electric spark. Through statistical analysis of bubble
radius, expansion time, pulsation period, and bubble boundary movement, the dynamic process of bubble formation in

near water surface explosion is clarified.

Keywords: underwater explosion, plume, bubble, experiment
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