ML I RFFRCARFFR,H 37 K, % 3 H],2017 F5 A
Journal of Zhejiang Sci-Tech University (Natural Sciences)

Vol. 37, No. 3, May 2017

DOI:10. 3969/j. issn. 1673-3851. 2017. 05. 016

i 5\ K B 2 S B S A

=2 A I A R S

(1. HTE T RKFNRE a4 F . M 310018;2. BE IR KRFERZE LR Z, AN 430033)

# E: A& Fluent 14,0 34 5+24 VOF $ AR BT S FHRAKRLERE, AAEEA 6.0 mm, KiZK
H 12,0 A AR A MR, 55 HET L AR ERAKRHREL 100.0 m/s BEAKGRZBAET, BA
KA F BRI LR, 5 Logvinovich ¥ 2B AKX H AL RFAFT AN . WF A>T BRMEELY
S ARERTEHBRRTRTEZEEAXNHHLER X TRHREIRNAAKRTEL L FEAHENG G, 593 3 A
ARG R T RGBT RSN AL R A HARFEART AT R LG EAITRS . M F LR AZ,
AkHER Y AEAFRSAEAGRT AP ELGTAARRIBRR. ME LA A, FLHARERD, AR LR
ARSI, Z 3 B T 500.0.900.0 m/s #= 1500. 0 m/s ARk E TR ZRAYG . FFRATT XS,

KB BTO AR R ETAT; TARRY K KA

FESES: 0352;0359

0 51 &

MK WUAT M R s g gL R L )2 AR
REARG 2 I T 7K A T R 78 S B VRS 1R 7K e 2
TRALTE K Z8 S0 AR5 AL B B AT IR X b S 4
RS IG  ORE S R B R AR A4 T A 149 B
I3 AFRRATIRAE KT &8s s i AT RE .

Savchenko 2" F 48 T A T3 A 45 0 FLEE 25 1L
VA B R IR . 0T 8 25 Y 0 K JAE T 43 BT, Arristoff
SEL S b 6 g K N ER WS B R T A R AR 5
HNSHZ MK FR . Yamashita W 7E H AR AL
KA FE b0 BEAT T /K 8 28 Y 5 9 S 5, T
AL 3 A7 T BRI R ZAE AR LA 1. 5~2. 0 km/s Y
PR GFHE K B B . Klomfass %5 2 1 T — b
T T KT A A A AT A R A I U 2 A S 4y
AT 1) BEASERY RVEC(E A3 BT 7 025 o W A0 e gy
SEERSCI B Y T AR S U 1 T A R T RN R AR
LIRS T H AR 25 Y B AR RN BE A B S AR R
BT S A8 BOR BN . T A R K o

YR BT 2016 —09—19 9 2% R H 7 :2017—01—03

XERFRERD: A

XEHS: 1673-3851 (2017) 03-0402-07

T KT MLAT A3 =R 25 B S B T L A5 SRR Y
O YL T AN AR I s I B R A
B, By 28 R s 9 K ) G o S 3 4 3 D5
e B X B 7 28 B0 BRI 52 W L 7E 91 57 18 B
PNISE L NN S R B R b e NI S 4
A A AR K R . BRARAENSR AT VOF
49 I3t 22 A RS 2 o Sk [ A A e A K G R AT T
TR, X AN [R] 25 sl s ) 26 1R A K 7 1 23 A
SERFW] 2 SR T X A a7 BT S
23 Y A AR 2 A S8R LA B s Y 3 T DA 45 R 1 R e
R 5 25 30 25 A 3 THT PR 5 1) I T e AL 2 9 9 9 25 A 3K
JO7 5 5 2 I AR, I T B B Y A i Ak o
PR/ o 2 AR S X A A KR
WP BN A R AL E, BF 5T T A AK VB A
K ABUAREA K LB AN ] A2 T Sk 2 i A g A K
EAEL.

IR 5 T 5 550 A K IR 23 3 A 2 A4 o 1Y
TE BT TS L L I X v B B A 57 25 3 I B S
PROBR S T AR TG G T S5 33k 7R R A K B X s R

HEWH . WA AR RS TIH (LY16A020003) ;- = T.7 1 224 % TAT 0 H
PEF A+ R (1990—) 5, R M B B9 A, 32 20 D308 23 0 3 30 J T ) T 5

EAFVE# . M4 #E, E-mail: hhshi@zstu. edu. cn



SR A5 o S A K 28 S Al 1 (A A 403

% 34
PEHT 1 (1 R R A AE 5 2 AR SCA o (A AR L X
e S A K S R A AT TR .

1 #wEHFE
L1 g6l

FEAR P O R AR S T R L Bh i O
ZMFAL TR VOF B8, Jii I 455 1R B AR v ke
T AR, BB K KRR AR M A AR R R

Schnerr-Sauer fE A,

doy N D
dt Z;
IR R
A ou)  ICouu, .
(pu,)+ (ouu;) :_77p+
dt X dx;
d du; Ju; 8
E["(axfax,j]*&” (2)

Horb o IR YR Bl JIRGE 5 0 MR & W B BE 5 S
N E SO s w IRE PR
PR ke it 045 T AT Xh

d d _d ) Ik

S0+ 5k = (w278 )+ 60+
G/)*(CE*YM#_Sk (3)

d d ’ _d Yo Je

5(‘65) + dx; (‘osu,-) - 91‘j [(#Jrak Oc jafi ]+

2
Cio (GiHCG) —Cop oS, (D)

Hrp .G, BFEE N8R MW R s 68, G, o IR 3 B R
B 5| ) i L S RE Y A AT 46 i i Bk sl B K R A4
FEHR
J— N ki [nd
M = IO(’/L e (O>
Cls\ch\CSs\C/L )ﬁ#;&»*ﬁﬂ#ﬁ C. = 1.44,
Coe =1.92,C,, BUKFEF M HEE 5B E H M HEEY
AR IEVIE ;C, = 0. 0950, Mo, Fk Fle B B4R
BT R 6, = 1.0,0. = 1. 3.
VOF 581 5 PR B 43 B0 72 By AR TE o1
pi[%<aqp,,> TV, V) = S D Gy —my) |
q p=1
6)
Schnerr-Sauer 25 LA R K 28 SAE B T 2N »
Llap)+ V¢ @ V) =R —R. (D
Horr o, Jq MIRFAN 50 0, g HABEBE Vg H g AH3H
B35S, HIEI s m,, N p MB g MR EAL N m, >
q FE p A AL 5 5 0 K ZESARFL 5 0, MK

HHE LV JKAE S R, R, 4y 5 R K
RIS 5% 119 J5 k2 i IO
1.2 BUERA Ik

TR RLR I EAR 8 6.0 mm, K EZ Y
72.0 mmF-3k V9 Sk AR Sk 18 AT A, H . Ok
I8 FE 5 HE £ 0 90, 07 58 Sk (89 A 93 1A Sk 3 O 2R
B ITREERmME 1 R,

6 mm 6 mm 6 mm
g 2 || 5?
~ ') “ ')
N

B R RUR A

F T 3 A 28 A T Ak 255 90 % B R DA AR 2 T
AR 45 A TR OB — 1 40,0
mm X 2200, 0 mm R TE CINIE 2 Fras) . B4
IR R R 3 A O AR BB B R 200, 0 mm, B
KRB A 10. 0 mm, KR 1918.0 mm, FHFH O
TR R T L P 5 A [ RE L R LA T
ESWAR /SR 7311 NG W3 S 7 N [ S U B S SR N 4
(EREEPETEA

DA% K o AR iR AR B an B 3 VB 4 TN . A%
K FH U 32108 45+ A A, 78 18K 4 5 5 Y ] AT
D A% 0 25, S Sk V4R Sk TR Sk AR DX 3 ) A PR T 8K
I3 497200, 0,496744. 0,497200. 0, %
ok H W KUAs X, R 0 R R SR
SIMPLE #.i. R/ VOF £ Ml Ji # /, 1K 1 50 %k
B B8 BR F Geo-Reconstruct #% 30, 2R F 2l W #% £
RIFTEBEEL ., SR E S T K IKFESIM
R R LB 4 R TR B2 =R TR
A IR AR T AR, BAARER T KA, I G



404 W M T Ok % % R 2017 4F B 37 &

IR0 o 2 B % A B O YA Ak 2
R A A Tz ey 2 BERIBERIT M

R A 2.1 PR AK BREERLYS Logvinovich 2 4

LoF/N Wl

=L TG AR SR R S 100, 0 m/s 1A [R] Sk A
me [ A A A KBS, 3k 8 5 Al 3 A AR R R AT

HERERL
------------------------ MR O HAE/NF 6.0 mm B, AL
W LR A . K5 AR Y 100. 0 m/s F
S [ AT LA A 7K ek R 0 A AL ) YA R TR v P
RESAH K EARFTK, B 5 (1) — ) o, ik
Tigdhik K A b k. A i AL T IR
A SO L BIAE SR T 46 5 B bl T A A
AR AR Y B E . [ FR IR T T R R
B o 1 78 - Sk B AT 55 Sk 38 I I A a8 OB B 1B 5
(5) — (15) H, - Sk [ A SR 328 T A 7K s 23 30 38 W7 38
K ABE AT GRA, 2K 5C15) AR 4 HR Ak
FEA WA WAL T S IR 5(16) — (27) v, Fifi 45 3 A 4k
BT .S AR S K B 527 A
40 mm M4, B SCOBZIN 50,0 ps, B 5(1) — (20) #H4B
2 iS5 os A V] H 2 6] 4 B ) ) B A 50. 0 s 1 5. (21) B %10 H
[l 1.5 ms, & 5(21) — (26) A1 4B &l ) =Z [H] i BsF [i] 6] F

2200 mm

#70.5 ms. & 527 M Z| 4 5.5 ms, & 5(28) W Z| K
6.0 ms,

P03 T DX Jal A [ A ] L o3 ¥ /
11 12 13 14 15 16 17 18 19 20
H thim

21 22 23 24 25 26 27 28

K5 R 100. 0 m/s 3k Rl HE @4k
[ 4 BAOA R RN A DX S A A K I R M A L A



% 34

AR A - v U B K I 28 A

B BB R 405

6 & 7 230 A Ry 100. 0 m/s 2R3k F1 R
Sk B AR A K ST FEEE AR AR . B ATk B
FEHAR A K FEARRL. 18 6CDIFZI 50. 0 ps, 8 6(1)
— COAHERE R Z [ s [R][R] B A 50. 0 s (8] 621D B
Z19 1.5 ms, 8 6(21)— (26) HIAB & F- 22 8] 14 s 1] [v1] B
0.5 ms, & 627 Z| K 5.0 ms, & 6(28)AF %]~ 6.0
ms, & 7(DRZI 50 ps, B 7(1)— COOFLEIE FZ [
(RIS ) ) B A 50. 0 s, 81 72D IF 2R 1.5 ms, 8 7
(21— (26) HHABIE )7 Z [a] Y B[] [B] B >4 0. 5 ms, [&] 7
QCDBTZIA 4.7 ms, & 7B ZIH 6.0 ms.

21022 23 24 28 26 27 28
K 6 %) E A 100. 0 m/s 223k B A 3R
A TK s i B0 B L A B

21 22 23 24 25 26 27 24
K 7 WIEE A 100.0 m/s [B Sk B A 4R
A K Ik R (R A L A

3 X b DA B = A Sk T A S 9 0 T B
PR R K BT S R SRR e . R
Wk FE P K B AR TE B2 WAE 5.5 ms J5 4%
ZiREIND IR S R N | N DS 1R S iR N A e U
BFES.0ms Ml 4.7 ms G M A&, F 8 o i
iR A, =MLk MWL A S Logvinovich 2
SR AXMX ., X A= EeE.Y Ay
MR, K 8 Al LUE i, 7E 25 W A X 4, =
Filr 3k AUIE B 25 30 5 Logvinovich 2 28 55 /40 X 28
WA G, 3% J2 P o A8 25 3 Ji 3 DX 55 (4
WK 28 AL HE L oK 32 28 I 2R B9 52 W [] I 33 B
A% SCE{E B UL 7 9k GE A . Wﬁﬁ%iﬁl;iﬂji,iﬁ%

RUIE W 23 0 ¥ 5 Logvinovich 2 28 55 /8 50 =8
IO N N v By ) ot P o (@x%’ém
) 25 SR W s 3 R IX ek s v AR B e KL T
AR Sk A 5 5 B X i s i B A 2 1) 2=
BK,

100 - —u— T,

ol —e— 3k

70} a3

28: —w— Logrinovich-J£200 447

40

—n ..-‘
301 —
10k A
;
_16 8 a
Jduuwus4nﬂ¢4*-¢ﬂh~ﬁmﬂ”'
_30t
_40_ "’
-30+t
_60-
70t
-80}
—90
—100; L ! ! ' . )
0 00 200 300 400 s00 600 700
Ximm

¥inm

K8 =F:kHY5 Logvinovich £ 5 /A

2 I A I
2.2 AL AR 23 0 s TR B A R )

MNP 8 AT 1 Sk B s 3 B i IX e s 1) 25 SO
B 520, DR A SO AN [ Sk B JE B s 3 v e 2 1Y
AR EREAME, B9 N BL KRR
Sk RSk AR Sk = A Sk B B4 AR E 6. 0 ms B ZE
R R 8 45 1 AR S AR 20 A TR R 8 Ry 25 SOk
SEIR A R K ZE AR R IKAH

B9 g E R a0l A CAD, #4725 i 18 R
(I DL B 225 3 v 23 S0AH T AR 2 8 s i) i
LA R UL 10,



406 FT A | NS D N S S 2017 4F A5 37 &
ME 10Ca) ] PLE B TE 3. 0 ms Z Bk i
Wrm A S AR R TR KR FEK;3. 0~4. 0 ms
3 3 B P2 A s I T T K, I IR 4 Sk BRIR P A 2
WA T LK TFESK 7 5. 0 ms M43k ¥k = 4
23 UAT — AW Y 3 AR L T S Sk IR Sk BRI 7R A 23
HIAE 5.5 ms B A W4 1A R B R LE 6.0 ms
250 JLF 58 4 M A AR Sk T Al s i RT3k R F 1R
ko NE 10(h) Ha] DI W28 i i 5 S AR 4k 5 1
10 Ca) Hxh i Sk R 7= A 23 3 () AR A T B — 2, M
10Ce) AT L H L 758 4R By BE S 3k A1 2R 3k 3 4k 7= 2k
g SRR W O RN A R = O £ N kS N
Sk A P A 25 9 v s R R B BT R B B BE AR
_ % 3 TR AL N, 76 6. 0 ms 25 38 JLF 52 4 4
(@) 3L (b) ek (¢) % AR A s SRR B Sk R TR Sk R
B9 6.0 ms I = B e 0 RE B Tk
TE B 2S M AH (¥ 4316 2.3 BRAKEE AR LT s W R B s R T
FRAL
300r B 11 WA= AHKKAIRE L 100, 0,500.0,
250f 900.0.1500. 0 m/s 7 3 [A] 4 3 & B 5% 25 1 (4 A7
5 200f SRAT IR L5y MK S A CAD 547 %5 36 %6 16 Rl 2
£ 150f R L ) B W L 25 B L 12
% 100F AP 13, MIE 12 AT LA MY, 3504 38 BE M 100, 0,
S0r 500.0.,900. 0 m/s BT B W 19 25 ¥ R ~F R /K ik
0 / 4 1A R F 1500, 0 m/s I, BT B R 2
1
(@) R R SF R TN E KN A T 1000 m)/s A
ijg 500. 0 m/sHAKFTE a5 Z B, X 0] GE i T 1%
g 120 TE B K A, UK BY RT R 46 MR AR 5 e =S i T IR
= l1oor ) 2,
E 80
i 60r - 3.
M a0f L
20F —— |53k
=3 1 5 %
t/ms
(b) 25 Irhzs < A
75:
!
= 60
& 55¢
I 50f
I 45t
T3
230 ik
20 . . . , .
1 2 3 4 5 6
t/ms
(0) ZEUIh 2 S 4
B 10 = Fh kAR s AR S b s | K11 WER 0.6 m A6

AT FR LA R 2 3 v 25 U 3 LU B I 1] B 728 £k

AK 2 WL AR o3 A7



% 34

SR A5 o S A K 28 S Al 1 (A A 407

0r

60 - - 100 m/s
0k —&— 500 m/s
q0L & 900 mss
oL —v—1 500 m/s
20k e b ——— A
- lr)%tii—-—’*i—“—-* A e
=
S N ae e e
LR [ .
20l m‘_’—-t_— Tae ¥ e
30k
—40 -
=30 -
—60 -
_7( . 1 1 . 1 . 1
?)0 100 200 300 400
Ximm
P12 R R A X s 9 %6 B 1Y) s el (IR Sk 354
701
60F
S 0l
= 30 - 100 m/s
;\E 40F ——500 m/s
v —4—900 m/s
a1 30F -1 500 m/s
H
%é 20F
10F
0 . . . )

0.1 0.2 0.3 0.4 0.5 0.6
X/m

13 AR AL A 2 U A I
B 52 W) I Sk 35440

Pl 13 i Ak A S A KR BE AR bR Ry #5787 25 <
A, MW R LA 1A A K AT QR /N T
0.5 m) 4 Bk I WY 25 3 b 25 S E 43 s b
8 R 2 R S 100, 0 m/'s B I S99 748 4 B S Tl
Fl, BWEKRTF 0.5 m WS EHS B TRE.IF
H 100.0 m/s MEMHAEB RS WELET S EHKT
500.0 m/s KF 900.0 m/s KF 1500. 0 m/s i &
BARTE A8 25 SUE A b

3%

a) PR3k B A BERAAC 7 A s Y (A R e K O Sk [ A
B IR 2Z o 8] 3K B0 A S804 55z /] 5 (B0 Sk [0 A i A 7 A s
A% 3T A I ) f L R 3K (BT SR R =2, P 3k (B A
AR,

b) Sk B AR A S T s KR E
S-Sk B AT SR YR 2 8 Sk (B AT A e /b SR L DA
25 Y SRR A3 R A B, B Sk [ AT SRR 7 A s
WJE 24 25 RUE o3 B KL A Sk IR AR B iR ik 2, 3k
(5] A E AR B /)

¢) TEFEFE Jy 100. 0,500, 0,900. 0 m/s [A 3k R

FE R A K 3 8 i, OB il 2 v RO R R K,
1500m/s # & B 2 e ROF i 9 /s 100, 0
500. 0,900. 0,1500. 0 m/s [B 4 5 & A K I AL 25 Y
il 2 S0A A L TE AT I A B A8 Ak, IS RS &8
SUH G AR YR 3 R

S %30k

(1] B2rfE, A% 5 52 57 55 45 fF B 25 10 30 42 14 40 4 1
Rher i K RS AT (1], Wivn 3 Tk 22 4k . 2016, 35
(3):392-397.

[2] SAVCHENKO Y.
perspectives| C/OL]//CAV 2001: Fourth International

Supercavitation: problems and

Symposium on Cavitation. California Institute of

Pasadena,  USA. 2001. http://
caltechconf, library. caltech. edu/66/1/Savchenko. pdf.

[3] ARISTOFF ] M, BUSH ] W M. Water entry of small
hydrophobic spheres[J]. Journal of Fluid Mechanics,
2008,619:45-78.

[4] YAMASHITA S, TOGAMI K, SAEKI T, et al. Study

Technology.

of a hypervelocity underwater projectile [ C ]//
Proceedings of the 24th International Symposium on
Shock Waves Beijing. China. 2004 :1303-1308.

[5] KLOMFASS A, SAKL M. Numerical analysis of the
supercavitating supersonic flow about blunt bodies[ C]//
25th International Symposium on Shock Waves,
Bangalore, India. 2005:17-22.

(6] drffh, EHEL BN, 45, FH AR 25 U T0 5 R i vy S 3 o2
B aFoE 1], TR J1%%,2006,23(2) :75-179.

L7 Egk . K 5 2, BROC 7R, S OK T Wi AT M08 <8 25 1
REFp P 52 30 B 58 [T, AR A2 . 2006, 28(3) : 14-17.

(8] Mijm, S PCMS , BRIE AN, 4. & UK Jy X i 3 4 3 A K
R W [T, A6 5t 2 Al R K % = 4, 2015, 41 (8D
1443-1450.

[9] MELLWE. % 3 HE. T Fe 4 PR Al i sl 2 AH 8 (M. &8
B 2 R RS A . 20140 156-238.

[10] AR = L0, 817 7 . 5. K B2k A3 E i b
1l B AR G 52 3 BF 58 [T ], W7 7L B TR 22 44 4k, 2013, 30
(2):218-223.

C11] ME£rig, S, R s 4 55, P i ve o 7K 52 30 2 3 o
Ko o7 MR AL L) 1. 0 3 T K 2 4 4, 2011, 28 (4)
534-539.

[12] NEAVES M D, EDWARDS ] R. All-speed time-
accurate underwater projectile calculations using a
preconditioning algorithm [ J ]. Fluids Engineering,
2006,128(2) :284-296.



408 W M T Ok % % R 2017 4F B 37 &

Numerical Simulation of Air Entrainment Amount During
High-Speed Projectile into Water

ZHU Bangbang' » SHI Honghui' » HOU Jian® » WEI Ping”
(1. Faculty of Mechanical Engineering &. Automation, Zhejiang Sci-Tech University, Hangzhou
310018, China;2. Department of Ordnance Engineering,
Naval University of Engineering, Wuhan 430033, China)

Abstract: The Fluent 14. 0 software and the VOF multiphase flow model are used to simulate the
process of high-speed projectile into water. The cylinder with the diameter of 6. 0mm and length-diameter
ratio of 12. 0 is used as the projectile model. The projectiles with a flat head, conical head and spherical
head respectively produce supercavitating flows in water at a speed of 100. 0 m/s. By comparing the analog
computation result of supercavity shape with the result of Logvinovich’s semi-empirical formulas, it is
found that the supercavity shape in the front half coincides with each other, but supercavity shape size in
the back half is bigger than the calculation result of semi-rational formula. This may be because of the air
entrainment. In addition, the phase diagram of the three kinds of head shape supercavitation projectiles are
compared and analyzed. It is found that the air entrainment amount of the conical head cylinder is the
most, followed by the flat head cylinder and the spherical head cylinder respectively. The air entrainment
volume fraction of the spherical head cylinder is the largest, followed by the conical head cylinder and the
flat head cylinder respectively. For the projectile with spherical head, the flow fields at 500. 0, 900.0 m/s
and 1500. 0 m/s entry speed are simulated and discussed. Besides, relevant contrastive analysis is
conducted.

Key words: supercavitation; projectile; water entry; air entrainment amount; air volume fraction;

numerical simulation
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