L TR HE 5 RN TR R K G AR 0 K M TRE TR T Y 5 A S5 AT 1235

XEHE:1006-9941(2023)12-1235-10

HBYESBRAEHKEMI K TESERLFENRZINS T
KER, KAA, & AR

(BRBEIAFHEEH N TEFR, LH HxE 210094)

OB N TRRUK T M R BT TR U S IR T — o MR V) R A BRI A M B A B A N BE T Y 4
SRR Y S B T ML R s A A o S TR R R AR HE G R A A AR A = AR PR O SR TR A L A U
S b, T i MRUE ) R 5 A K O R B RS AEL, D6k U AT 1 B A R AT RUE ) R A SRR R B R R o SRR AR Y,
4 TR AR ST VAC TH MR T T ) R AT PR 1 R P A 1) DR R 5 B S U TR LT 3B 2R 5 B, 4 B TR AR R TR P
) HE AR o AR Al it e, WERBGE DA 8 5 A X S L Sk 990 T RE A A S ) S S Sk VS R S R OB D 3 5 R R IE
W R S AR B AR LR G BT R SR IR B I MRUNE Y R A B0 R L BV R B AR TT T 9.3% R S R

400 mm 35 Bl P9 A9 & SRR 100%
KR AR UK ST KB & 3T s BE ST s 2 AT 5 BUE AU
FE S ZES: T)399;0358

XHEFRERG: A

DOI:10.11943/CJEM2023189

0 3l 8

T 1 A A A B T 2, DR I 0 VAR 977 A R A [ B
A DG B AR KR M B B R AT
FT A JE R 4 A, I AF R A2 3] 1 4% 2 30 [ 19 4R 1)
KUK T) 4, (EL ] Fek -t T i Ak 22 ME AT, 3= 280 i T
R T AR UL EOR AR H T KT A
K St H ARGy Dy B AR R B U el Bk
RGP RAR B R AR AR, KA i T KRB ) A
R ME LB T SAUR T o 8 e 2k 3l i e Ak
BN EE KR B kK HEA B B TR T R
PR IE B 2 S 2 A A2 2 B BILAR 45 A8 A AT B 2 A )
PRI v AR X LR IE %5 B A AT SR O Ol TR X S [
AL AR T —FOK M AR R SHEORY . KRR
T 3RS AR B0 HE A S B < A W) YRR e s T A
F89 8 2 K A Ao 9 AL Y TR AL B s AL 5 B A P BE 2 ]

s HEF: 2023-09-06; & E HH: 2023-10-24

o4& H kg B #3: 2023-11-16

EE® A KPR (1999-) B W+ 0F 55 4, £ MR KT &G
AR5 . e-mail: 1766511928@qq.com

BEBREAEAN: KARN(1963-), 5, ## A0, FENFEH
&S 5 HARBGE . e-mail : yyg801@njust.edu.cn

P14 96 R0 A SRR B T A B8R KR o B
SR L i PN Iz 2 B 3 A BE AR PR BE T SE KR
4 £ A F 0 1Y e R 2 3 o

P A 2 R S T T A R A T A SR R £
WH AR AR, A & R 2 SO A I
PEAT T REWGE . SMRAEK T BEHT B 3 ST & 2 6
o TR A BG ORR CAOMIR AR  C R R T
TR TR A 11 e o] 3 45O R [ ) A9 s i AR AT IR
AR S SRS 12— L AL TR gE—
it . Weiland %750 56 1 BJE 58K R 43, 0F 5%
BT T AR S B AR R R R T AR E S 5 4
TR G FEIR A AR EERRRK, R
TRAE WA T J B A A2 5 O I B 42, X S B 2 PR A
Syl T W AR S AE TR KT B A AR
SR A S5 v Il i TR S AR S R B, AR RS S IET
AN R T SO ) BRCME 4R T T R T IR I R K R ik
] 2% > J7 Il VR F 10 53 5 1y 1] £ I M gl 2 < ] < 7 B
SRR . E AR CH BT AT K TR
A T AR I P2 A i 45 2 B 4 i T KRB RS, e S
B B B T KR R OB A T A A A, R ] 2 A
T MIXTURE BB GE AT AL, e IR 014 W 24 | 1] o A %
PO R I T B IR . He 5056

SIR AR gk [ TR ARRE, v oK R L 34 AR 5 85 0 R HE 7K 235 44 368 K TR R AR AR P 1 S e 2 B D). & REMORE, 2023,31(12):1235-1244.
ZHANG Xue-min, ZHANG Xin-wei, YU Yong-gang. Influence of Straight and Spiral Groove Drainage Structures on the Evolution Characteristics of Underwater
Gun Gas Curtain[J]. Chinese Journal of Energetic Materials (Hanneng Cailiao),2023,31(12):1235-1244.

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK 2023 % H 314 FH 124 (1235-1244)



1236

KRR RIRR, Ak I

TR SR AR WA B PR S B A DX
JHK AL 20 0P 40 9 A S T R A R AR

KA IR R 3R B RO B SR B AR TR TR
T 2, B Ay 5| 4R kN B A A AR R . XUt
W) 7 R A BT I N AL AR AR 2 IR AU A
T8 32 BRI B 7 e 5 A, ik T 52 06 HOHiE A ST 22 JReAk
SR K TR BB, A BRI BB 58 5 TR
T3 G RSF 28X SR AT R AT BRI . B R
S UOTVODRE N BE T 1T e Sy AR T L bl 3 AL Ty i BE T T
Ob IFHEAT T SCRRBE T, 23 M T rb L WL AR L 25 4
f14 72 Al X R T ) R 0 5 B T S 06 O R R R
ORGP BAE R, SO SRS M S AT BRI B TR
Gy REIE G AR o S RBEAET L AL Y BE
WAL AR AL 25 &, BT AT ALK R RS & B T
A5 401 55 L i 11 0K 5EE iz Bl 2% TR B OO AR T
P 5 S5 A WA G FL AT F O WL A8 DR /N R R T e
P K s BH ROCR AT B R W, 45 3 1 I B R
I6] 47" JR oL P32 B I (6] (3 28 Ak O 3 o SRR AR T
SPF UL 0 A Xk K T AR A S o A B A R, BT
13 AL AR IBOA [ S 30 2 A 50 6 24 2R 3R T UL
(14 Hh S g £, L) B TR S5 M) TSR 1 LR AL
(9 WA & 6 B D o BRI A SRR R T AT
B T R T R B TR R X R U R AR K R R
DR o R UL, S AR AR B R 2 R
FLEE R AT /TN 5L BT L Crpcs I fL I EE T
fL R HEAT T ORI, B R A B T FLAS G S B
SF AL JBE AR, AN R T R IR 1S AR K R B AR E AT

o) 1 PN D o S P I T R T o i\ N
AT BORE S P AW 5T T oK T A A e Uk G IR
Bt Xk By A N BE VA A S5 R BT — R B S LA A i i
B N BETT I 4 25 BRIE VA A 5| B R e A B A
RS TRAE A N BERE 3R IF 8 AP A AR IR e . R
Fluent H{F , X iz 4544 T % i AL R PR 2E AT 1 KR AL
U, IR LT T PR AR A CELYA R BRI R ) TR
SR EL AR P P R 2 R

1 IEipHER

1.1 EEEIE
S 2R B I AR AR BT 2 22 SRR S U
FETK T R B G B R0 A R T S
TR M 4 — S 38 B 52 7 Ak O 2 10 LR B
CUVHE K 25 B SR Ve BRAR T TR 4 AR A 3

Chinese _Journal of Energetic Materials, Vol.31, No.12, 2023 (1235—1244)

(DKW AAHRRESG T REE =ZHERS
FOR

(3) H T e ok 2 ] T, 220 DR o O S £ A
234 1R

(4) 2% B )77 R B 52 0] o
1.2 EERET

e A A B R Rl B, AR BF R B F NS
(Navier-Stokes equations) 5 f£ 41'**', 45 & VOF (Vol-
ume Of Fluid) 22 HH 3 B A1 22 D) K k-e Jif 37 50 202 4
S 2 RO SUA AE FE W R A R i R ) = dE AR AR S
AL VOF Z A A R 45 ) Oy B il 2R (1)~ () &/ <
PR 25 J7 B el 2C(5) 45 Y, i i AR AU 0z O ARl =X
(6) (7)) 4t

(1) 3% B 5
aa,p,)

at

A, a W BT R SR50, q o g 301, 43 il s K
BT, E, = 2 CUsp S B IR B9 81 gecm ™ 6k p,
WGy AR R, mesT

(2)3h & )5 2

dlpv)
at

K, p AR, Pasp = a,p, + a,p, i, WA REENEFR
By = p+ w30 BME R B, i I B M R
B, Pa-s;g ME SN E R E , m-s™,

(3)fE & 7 i

L N S R EE T R

A, kg WAL R R W-m ™ TR K B
AR ERE, ), X (4) B

E=( z aqpqEq)/ (4)

(4) AR TT
p =pRT (5)
KA, R KR IZHL,)-mol ™K',

(5) k-g i U A6% 25

+V-(a,pv)=0 (1)

V() ==Vp+ V[ (T (7)) [+pg (2)

d(pk
(p )+V(pkv)=V{ ,U,+h Vk}+Gk+Gb—pa—YM (6)
at T,
d
(aptg) + V(pev) = V[(,u +% V€}+
: , (7)
& e
Cl ?(Gk + C% )Gb CZSPT

Sttt

www.energetic-materials.org.cn



IR U A R K 45 R 6 KR K A A R Y R R A 1237
X, kMR RE , m? s G, G, i BE BRI P 5 sim.ulsttlled i pressure outlet
S _ . s e e ‘ projectle  wa
AL AT B RE , m? .75 Y, i AT H 4 i U Uk sh I Bk R S R —— ~ // / ]
WA, kg-m™-s7;C,,.C,,.C,, WERHH . ‘1 E iKY \
i 1\ \q / \
2 HREBIGIE
symmetry plane

21 SEXEHIBHE

R Y6 IE I A A A A A B F 5T SR Sk [ 19 ]
14 S 6 R AT BOIE A AL B0 IE o S5 06 2% 1 R AR AL B AL 25 4
i 1 Frs, R RN R SE S @30 mmx500 mm, 8 4%
2.5 mmx4 mm {55 IE V5 1 1 5 G A AR 5RO DY R
W55 555 TH AR 80 mm?, 5LAR Sk @30 mm A9 5 A 4, 53k
BT @10 mm (Y F & o 9256 R A L ko K
K, WK ARG R BE 35 N 10 K 2 SRR L T R B 1y ok 24 fif
PR 2 9 T g B, 3 1) 5% i) 1 0 S I g s o Tk
o R A 5 AV R SR TS T K R A Y T B
Z BRI, I B IS 7E S0 % T BLUCRE S5 30 W 55
JE 71210 MPa.

1 S RG] S AL S AL A A TR A

1—FR A, 2— B, 3—M s, 4—BH A, 5—
HiOM, e—#kF G

Fig.1 Physical diagram of experimental system and schemat-
ic diagram of simulated projectile structure

1—liquid-filled round tube, 2—simulating bullet, 3—combus-

tion chamber, 4—sealing film, 5—straight groove, 6—ogive
2.2 SREARGEUAR

221 EUSH
AU 1.2 95 S A BE AR X S0 0 T L AT 2

E AL, 2 B8 3B 10 ) %o R ﬁﬁxmm_ TR
U, 35 Kk BB 2 BT . AR S st

AT, A R SR 710 MPa, B8 S %@f%&ﬁk“’i%
SAREWIMBCE M8, A D ER 2200 K, O R A
101325 Pa, i I BE 300 K, & N e 7K, 90 Pk S 50 (d
FH B R TR A A

2.2.2 WWAFE

{1 1CEM B0 47 46 3] 23, i T Fluent 1 F

CHINESE JOURNAL OF ENERGETIC MATERIALS

B2 RS EGL RN ER
Fig. 2 Schematic diagram of the calculation domain and
boundary condition

HEATBE R . TF IR F 3 F 6 0 i R a5 ok
FIHH PISO S5 12 5K fifk s g -5 B2 (#8455 L & H PRESTO !
(A A% OO0 R ) IR AT 2 1, %5 B L 2l dk KRB S DR
B XU AT B

2.3 RERISIE

A SCHR 19 15056 7T IS BRI T 9 R B 25

25 5L UL 1] 3a, % S 06 T 00 0 B RS FL 45 2R O 1] 3. EE
Pl 3 AT W€ 3, B0 A 0L Y 45 SR 55 2 6 45 2R A R R
WY RIE S EEAY) G, 3 WA I HE 7 MR Ge AL 4r
4 3% (B4 T SO BLAE O 32 28 A A U R
o s A 3b G Sk AL E A, AT LIS B £
JRERR 5 Tt il o 7 B B ) A8 Ak il 2 B IUAE SR S
SO I R PR AT R, an &l 4 Bk . L 4 AT RLE
TSRS SR a5 R IR, PR EN 4.92% ,

— BRI Y S B

t=2ms t=4ms t=6ms {=8ms
simulations

| uLM

t-2 ms t=4ms t=6ms t=8ms
a. experiments

B3 S5 BUE R U R A PRI 2
Fig.3 Extended morphology of gas jets in experimental and

numerical simulations

3 WX RGBS

3.1 HEIEBMER S RAL &G

TE ML A TH AL S 80 mm2 AR AR S E T, v i
R H Ry 4 55, U IR 58 4.47 mmXx4.47 mm,
FERA S TAE R e RS 5, B ST VAR 45 K R e T A 25 4

N XK 2023 % H 314 FH 124 (1235-1244)



KRR RIRR, Ak I

1238
500
b
50
400+ 5
SJI
&
E 300+ ,'/l %’l °
= 200} ,,4”
P
5 d )
100} ) e ®  experiment data
2™ —=— numerical result
22 i . i .
O 5 10 15 20 % %

tims
4 SRR LL R R I O Sk T 1) 32 A2
Fig.4 The axial displacement of the gas jet head between

the experimental and numerical simulations

F TSRS, Forh S 5148 RS 2 @30 mmx 1000 mm,
LI N R W v I I = TR 1 B R a = U S|
R 5 A KB A ), BB E VA A 4 6 T AR A
(4 76 8 4 50 mm, D3RI B 5 Ak TF 4 E B E B A
JE 45°,

7 8 B I R S5 R T SRR A Y X BRI 2 1/8
P Ry 808, 9 % Jl 0 DL 1] Sa. BB E ) A 4 F AR Jk
DALY 43 b B PR 0k 326 B0 A5 A A AR, I A ) 43 DL
Kl 5bo PAN IS 45 A T SRR A i A 5 2.2.1 R
SLES T OLAH R 3 R AR B WKL 5

P T L A S 45 e A5 5 TR M GE ) A 25 ) A AR 1L i AR
A RSE ok BB R VA R, PR 2.2.2 75 {1

pressure inlet wall straight groove

combustor

simulated projectile symmetry plane

a. straight groove model

simulated projectile

projectile head

pressure inlet  combustor  spiral groove wall

b. spiral groove model

5 P IA R G5 R A TS S R A a3 R i B A

Fig.5 Computational domain meshing and boundary condi-

tions for two trench structures

Chinese _Journal of Energetic Materials, Vol.31, No.12, 2023 (1235-1244)

BLALL Ty ¥ 0 2.3 715 56 TE 194 B8 2 A AL AT T 3K TR e A A
B AN
3.2 MBELXXMEWIE

O 0] 3 X S A PR RS B A LR S R . AR 4 /INY
DR A% I, R R b R T R A AR Ak, BT LA B BEORS A
B o AH B, AR /) A% b, W RE &5 B AR
BOE R 2, 5 SO RS B RRAC . i T R
Sk 4.47 mm ik KR RS HE LA A 2 7 A N TR T
BIRERE NI EE 0.6 mm (1 £5 /4% 52 J7) .0.5 mm
(hngs 1.2 45 k4% 108 J3) 0.4 mm (% 1.5 £ M %
13577) 3 Fr A% o S k% G 35 A9 A%, i ke 1y 3
TP R /N A% AT 158, 45 BIAS [R] 099 A 11 53 25 i v
BT RALR . DL 108 J7 WA Sy FE v, R T n %
WK S5, 135 J3 A A1 108 J7 0 S 53 455 S o A< %5 b
[ 57 7% (1) 37 2945 22 40 K 1.90% , 1M1 % I #  MA% 5
52 J7 A% F1 108 T3 I A% 1 58 45 S A il ) 2 B 1
IR ZEH 8.67% , R T AT SRR RN RO BE LR
FH 0.5 mm (A% 108 77 ) M A% RSF dEAT R 115 . ™
6 TG &M 56 I i £ 4 1 6 TR o

1.0

0.8

0.6+

-~

24 ~—e— 52w cells

0.2k —=— 108w cells
4 135w cells

% 5 10 15 20

t/ms

6 RS TG G M 6 I il 22
Fig.6 Curves of mesh independence verification

B RE T BB AR JE L R 1107, 2x107,
5X107,1x107 s 4 FiH 3042 4 X 4 B2 KO3 R &
B, X107 s X5 B IRTH A B R, HT 5 s R AR R 42
18, 1x107 s TR A5 R 22 0 K, 2X107 s Fll 5107 s
TS5 AR 2216 1% LA L (H 2x107 s 7153 01 i 1 (] 78
150 h 2247, 5107 s 3 il M W76 100 h 247 o £%
FIREE RERNEFRR, A EEL K 53107 s
P

4 EBERKRSH

BT 2.2.2 0 BB 7 95 A 2.3 56 AE Y K A
B A0 3.1 57 B RS ALY e ) 30 25 A BE R BV A

S

www.energetic-materials.org.cn



L VAR R K 2 R X K M SRS T R M S e 4y

1239

25 A6 T HELE 9 A 4 A O R A R o R B P HE K O R
H
41 HAEERNEDNERESH
F 58 X6 90 R ASE 200 1 HE K oo A AT TR, 45 3
IR IR R UERCY mmlﬁwr%mma(*@
R EERWME 7 Bios o Bl 7a Sk 1 R 2 e
P RERHUE B 7b R4 IR ﬁu‘olb?}”%ﬁiﬁmﬁ
L, DIRR S5 I 3 2ot 9 a0 A 7S T R4 P o O B 20
B 7a ] WL, 7€ 1.0 ms B, 4 BERK S5 IR 78 4
P ELJE B 4 A ST B Taylor 25 6, Bl 465 % 5 0 2 0%
WREPE Y R . 1F =2.0 msi}, 4 i Taylor 25 5 & &

KA W R A A AR IR O BOIR Sk . M =2.0~

volume fraction of gas

8.0 ms I I A & i, AU 5L 1] O BN B, 7 i Sk
T R A, ST U 320 5 VT A W I T A A 8 ) S
MBS ZEEIL R, =11.5 msJq , & N 4 Bk
BRI R IE BT AR R P HE K, R4S P K 4 78 1
AR AU T3 TS R S 9 ] B A D b VAR
R 53 BT LI R X 22 JROR S A TR ) RAR [ 9 R Y
SZMA, N FE MRS WL SN (] B 220 A R AL T R A O
ﬁﬂﬁalﬁnl 7b iR . NE 7b Al LA H L 7E =0.1 ms
B, W 5 381 S5 9 T00 i B2 PRS2 S 0K, b e 5 3t ) g v A
PEAFERIAE . M t=1.0~3.0 ms AT F H 5 A
TE AR HR 2 B o 8 30 = M8, AEAR S6 It =2 0] 49 5] BF 45
/No B =3.9 ms B, AHER S I 6 BRI, I B A JE

0 010203 04 05 06 07 08 09

1000}

80

40

201

t=6.0ms

1000t

a. 3D schematic

t=5.0 ms t=6.0 ms

t=8.0 ms

b. top view

7 EIREES R AR S A
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Influence of Straight and Spiral Groove Drainage Structures on the Evolution Characteristics of Underwater
Gun Gas Curtain

ZHANG Xue-min, ZHANG Xin-wei, YU Yong-gang
(School of Energy and Power Engineering ; Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: A new type of cannon barrel with spiral grooves structure has been designed based on the principle of gas-curtain
launching to reduce the launch resistance of underwater cannons. The low-resistance and high-speed launch of underwater can-
nons was achieved by the four spiral grooves opened on the inner wall of the barrel. A transient three-dimensional two-phase
flow model of the gas-curtain launching and drainage process of underwater cannons was established, and the rationality of the
model was verified. Based on this, numerical simulations of the drainage process of the spiral grooves structure were conducted,
and the effects of straight grooves and spiral grooves on the gas-curtain drainage were compared and analyzed. The results show
that during the initial expansion stage, the four gas jets rotate circumferentially and rapidly expand radially along the spiral
grooves structure. Then, the jets interfere with each other and gradually converge, forming a columnar gas-curtain and starting+
the cooperative drainage. During the formation of the gas-curtain, the spiral groove structure has a complex effect on the expan-
sion velocity of the jet head, presenting an initial sharp decrease and subsequent decline with fluctuations. After the formation of
the columnar gas-curtain, the velocity of the gas-curtain head increases nonlinearly. When the gas-curtain head expands to the
outlet, the gas content of the spiral groove barrel increases by 9.3% compared to the straight groove barrel. Especially, the gas
content reaches 100% within the range of 400 mm in front of the projectile.

Key words: gas-curtain launching;low impedance emission;gas jet;multiphase flow ; numerical simulation
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