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Table 1 Experimentally obtained value and theoretically calculated value of residual velocity of conical projectiles
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K6 Dkl ol 1 S B RE R G R IE L K 6 800

AL 200F o150 mim
(LSR5 e W ATl o, ol w//

BRSBTS A R R, SR B | //

R TR O T A R R BB S|

A R B AR R s e E |

R E R R Wk, Bt 5 /

LRALRBES I 0 KT RO T .

SR X (1) 55 5 R T 5 P
(2) Bt 35 B )5 4 K il 2 A9 8 A R 3R ol 2 3 Axial impact angle/ (*)

oK 5 B K 0 5 o o A FE 6 H A 5 A K R

R Fig. 6 Relationship between axial impact angle

2.3 FILER and penetration energy

AL EARIR O Sk 7 o i WEBE I L A HEBE P
AL B LA AL FE o LA 1) LA RS FL IR BAR L I 4 Ca) BT o O™ il ri) 428 ol 5 A9 2R Sk B 4
7 WEBEIE B 2 FLIEARIEAS 2 B 17 s ol 1) A8 WS DR A 1) A AR I o Do DAL SR B % iy ) 5
JEE A R /N T A 1) i B R BIR 7 RS A (B8] 7 B 7 A58 45 4 149 17 T I B 1) 2 3 A R 9 RISE A3 T R 1) L A
ART 1. 25 MEBIVFHINE g o DR A 7 AR 400 aod 7 vl A 8 B8 B A i 1) L 36 1) 528 ) & AR IR, S BUR
B 2 LA 1) AR R T B ] BLAR

B 7 Do fLE AR 5 BE JBE Bl 1) $88 o A DG AR I, 181 7 R

COMIEL 7 Cad W LAFE o 25 i i 438 ol £ — 5 I6F , O° Bl 1) 438 ol #1992 Sk B 27 38 W BE 19 25 L il 1) A2
Wit B JRE B 38 DR /0N o AR R R AR AR B AL I AR b 2 B T R BE BB} A AL S8 i — R S5 R
1, ELBEJSBOR AR FLAOYE , BT A B A B 300 JRE L MR, S O 1) B AR R Y i ) ol A — S B
15°,30° LA K 45l i) 438 o £ 099 22 Sk B Py 257 7 1 M ) 207 L ol 1) A o R VB ) 094 RO 4 DR . Al ) 4
FN 1S OB 45°IF 2 ARt 3 2% i 0 R B 1 48 ol A A 5 L B i AR X R R B AR

(2) MNIEL 7(b) AT LA Hy o 2 B JE — g i 6% 7 Al ) 488 o7 B 20 L 1) ELARBoR . H il 2kl R B
A ol 1o £ ol A A DR 4 DA U0 P il i 4 ol A 6 Ll 1) AR S R SR . T DRT R Tl e 4 ol A BOR ,



%5 6 1 WA, A5 S Sk i b Ji ol /N RUST i R ) A58 400 52 36 1299

i A R 1) 7 1) P PR e O i i e B ol R R ) T S I O S O AL A ) AR R
L5 Al 1] $58 o7 A 2 R B — S RN, 9 Sk T4 R DR 4 fk 0 i e 2 90 2l T S BB 2 25 R BE

(B MIEL 7Ce)~ () AT LA Hi . Bl B ol 1) 488 ol A DA R B2 1) 78 A 20 LB i) T A 7 A M J3E A
I K ZELIA ) AR L /N AL 1 0,53 mm, &1 7 Cod w320 A4 52 1), O il 1) 42 o £ 2 Sk e Sk
BE T B A9 27 FL PR 0] LA BB BEJSE B3 T80/ . 15° .30 LA K 457 il 1] 13 ol £ 2R Sk 8 i Xof fE BE 15 18 A 5
FLFA i) LA 5 R ) 38 R T 8 A i 3 i B R ) 3 i sk /)

(ONE 7( AT 1. 00 mm BEJE [ 58 FL IR 0] B4R BE & 9 Sk B 7 Jal 1 48 ol A 009 38 R e /N
B, 1.50.,2.00 2. 75 mm BEJRAY AL FR 1] B0 A B Rl A A8 R i v 4R o R B4 1 DTG /0 R BRE 8 O

14 T T T T 14 T T T T T
(@) g (b)

§ [—— ) E 5l —=—h=1.00 mm ]
i R L E —e—h=1.50 mm
B ° ] —ah— =
g 1oL —-A—9=30o | 2 o} h=2.00 mm |
S —v— 6=45 3 —v—h=2.75 mm
2 Znf -
St . 2
=] o
2 10 ] g 10r 1
: -
S of i 5 9r B
= E
Pl e | Iy —

1.0 1.5 2.0 2.5 3.0 0 10 20 30 40 50

Wall thickness/mm Axial impact angle/(°)

] BAF (@) 1
—a—Nh=1.00 mm

E 835 —e—h=1.50 mm 7
—a—h=2.00 mm

8.2f i

—v—h=2.75 mm

Circumferential diameter of perforation/mm
Circumferential diameter of perforation/mm

| 8.1F R
i 8.0 E
| 791 b
7 8 1 1 1 1 7'8 C 1 1 1 1 1 ]
’ 1.0 1.5 2.0 2.5 3.0 0 10 20 30 40 50
Wall thickness/mm Axial impact angle/(°)

7 o AL AR S RE IR il i) g oG R K

Fig. 7 Relationship of perforation diameter with wall thickness and axial impact angle
3 BRREFERENFREEITH

301 0CHImELA

PR S R gy 23 ) £t R T A 2 5% e AN RS LA X /N ROSH i 7 2R 3k B 7™ A 1Y 2 AL R AR TR AR
JIN B R T T 4 2 LB ST Y R R ST AR A S TR AT AR Sk W o O RE RE S R R T o, 1 IR
HREA, B8 MW LL 0l w48 if A 2 7 i BE 7R 1A,

(1) % 3% o A& 3l i~ 1H 7 3

W RO o it RERE oAb I SR AL AR m AR SK R R AL, o AR KR R 2 g R BE 1 b )
JE o AR Fr T If 2 375 T RE I 4 T B2 . fh SCRRC 10 AR 9 3 i <7 4 B4

muv; = muv +Mw(x,) 7

LM, D) W R g FERE oAb FERETT 249 /i s i

(2) 5 5 i B I 24 70 A A i



1300 P 1 5 i B %38 &

it HERE IRy b, B B2 N o, SRR BE B AR Sk A R il

(\1
N s WIRER WG W% « 7 M A% R A L %R 36 N o vt
9 B DR B2 Sk B B s R B R A T Y S §
435 AN
dM.,, ZZTt(os){hds (8) : :
_dA_dzdi_ 9A (9 I o 2} e

dt dt 9z dx

DN B 2 o R RE o AL R RE T SR A 1 B iy N
Lo Conical projectile
M, =2 phJ s ng (10) q
S5 375 o R eI RE T 28R 23 1 A 05T S N
M, N
w(l)ff—ZK‘OhJ()s;ds (1) N >
N

(3) 25 175 T 1) ) 2% 3
B BRI T 4 A 1 — 2, A6 AE AR Y i
HoR & AR ARG BT LA 28 3% T R B8 A8 A R 0 s I
ICL IR IRAE G A s UL 8) , Pt 5
A= (2'tanf— s) cosp 12
B3 HETE R oy 2 MERE M) SRR C A58 2 %838, I r=R, 4567 . (11) ~ (12) 15 9 3k
37 R 0 R A R o, TR A S

8 43k LA 0™l 1] 5 o £ 28 35 WE RE R R
Fig. 8 Tank wall penetrated by conical projectiles

at axial impact angle equal to 0°

mu;

m+nthZsin‘8 (13)

Uy —

3.2 fEocmmERa
(1) %35 30 7 2000 40 A5 3R
E9ﬁ%%wﬁu%w%m@$ﬁﬁﬁ%%%
B T B LU AR Ot ) 45 ok FR 2 37 i W 1o
LSk T T B 4 2 o R R £ 28 5 4 5
%Jm%:i%,ﬁﬁ%%@ﬁﬁﬁﬁswﬂﬁzﬁ
WG TR A . KRR B
dM, =

(14

h‘
(9 S

#%ﬁ(mﬁb&f(m»$ﬂﬁ,ﬁ 1 2 0 o i
BEJS o b RE T 2L 53 (Y Bl

R
=, 0
M, =2wnp cosﬁjo s ds (15)
M 2537 5k A R T 4 é}E’Jﬁxﬁl B Pl 9 SRR B LA 0%l ) of 5 25 4 i s
M, A k 0 Fig. 9 Tank wall penetrated by conical projectiles
m (2) = v Zmp COSOJ s 7d (16) at axial impact angle above 0°

(2 27 175l B (1) 0] % ik B2
&ﬁ%%%@ﬁ%ﬁ%¥¥y:%%w—&%%rﬁ%ﬁﬁ¢$ﬁ$@ﬁﬂwﬁﬁ%ﬁ%%%
(I3 s 19 s T TRAEIRESR AT A s o 3l i JU AT 56 R A B A5 HE 0285 2 00

_(&fsing () tand
n ( siny 5] (1 (tand + tany) cos)’) cosf3 an
IR E L FERE I 2 b BE RSB R Oy s 1 B RTINS R




%5 6 1 WA, A5 S Sk i b Ji ol /N RUST i R ) A58 400 52 36 1301

i=o JA _ v(sm@cosﬁ o sinfcosftand ] (1%
sy sinycosY (tand + tany)

dx
SIASE G, H 0B RHHER G HfE:

__JA _ (sinfcosf sinfcosftand (19)
dx siny sinycosY (tand + tany)

55D (A6 M19) 13BN I 7 LAAE 0l 1) 4 7 #1 2 15 WEBE 5 A9 R A LR o, 19T 35X

mu;

v, = 5 (20)
m - mp h R* .

cost cos*d

3.3 ARWIE

W 2 Sk W R 2 375 TR R 1) 8 4 R B TH AR 5 S e R AT X P IR X FE S R AR 1 R, gk
AR o0 2 8 P T B S T T R KA R 25 Ry 4. 79 Y0 o SR /INAH G 358 22 0 0, S AR X 15
ZE0 197 % B UE T F A B TR A SR MR L v IS T 00~ 45 a8 o AR A 2R Sk Wl oE i
B 11%) 8 2% B T

0 R o AR R R R R T A R R X 1R 2 A D PR R R R R R R R R RE 2 ()
22 fioh T RR K PR AR B K, HL 2R AL I 1 R R AR TE FE RE K, S BUMI X R 25 K, Y BEJR — g 1)L
T 488 o £ B, A 15 2 A R, JiE PR A ) 4 o A K L 2 Sk R R U S O B il v g v Y S G e ROK
WA F 5 TF TR S R bRk 22 T ) i 488 708 T AR A B A, [ o B8 48 R B A, 2R FLBE 3 1Y R BB AR TR RE B B K, &
SO X iR 25K

4 & it

i 3 TS Sk W A 48 o /N RUST R E AU S0 L A5 DA T 458

CIO ™l i 4538 o A B9 2R Sk e 20 a2 0 B, 25 FLIE TR 180T (A TR JES 1) 2 L L 2 L T 2 B A T 22
25 B AT 90° o DA AR AR TS 28] 00 750 B AR T2 AR 5 157,307 LA K 457 il 1] 4 i A O O Sk B T o 0B
i BE J 2 AL I TR R R R 9 5 FL L B 2 A 2008 Bl B 2P fL A 1) B o R T L3R R H AR d
2 AL T S B AR AL T2 W T AT O 1 LB R Y AE TR

(2) AR 7 f oy — € I, BEJSLBOR, T 7 A 2 i RE BB R . 2 BE R — JE I, 93 3Kk A il 1) 48 o
FROBRA | BT 5 10 25 35 BE kB el 1) 98 o A 0 0 RE B R B . ELBE JRE RO, o 3 R 0 fil )
ol fA B R

(3 b ey 488 ol Ay 5 B TS 08 2 L 1) BLAR S RSB . 157,307 K 45 ik 1] $8 o A A9 AR Sk BE R 2 O E BE
(19 27 £ b ) A0 B R ) DA A 3 R L ) R o A K 2 L e 1) LA B B AR 5 > BE R —
R, B4 Rl 1] 88 A B 2 L 1) AR U A L o 4 < xk o FL A 1) AR RO RS R R 2 (HREE
A B v 4R o A DA L R JRE R AR A 2 FLER 1) BLAR R AL R AN K

COOHE T TG T 0%~ 4.5 Al 1 488 ol ) 109 2 Sk A R 25 32 W B 1) ) 4 3 52 B 303 24 o, Ll o 52 9
SR T2 3R TR E

S 3R

(1] BEE FERRMIE . A P17 #os w1 v T 3 LB IR T ] 45 v ,2000,20(3) : 200~
207. DOI: 10.3321/j.issn:1001-1455. 2000. 03. 002.
MU Jianchun, QIAO Zhihong, ZHANG Yifen, et al. Perforation and deformation of free-free beam by transverse
impact of flat-nosed missile at the middle of its span[J]. Explosion and Shock Waves, 2000,20(3):200-207. DOI:
10. 3321/j. issn:1001-1455. 2000. 03. 002.

[2] PALMER A, NEILSON A, SIVADASAN S. Pipe perforation by medium-velocity impact[J]. International Jour-
nal of Impact Engineering, 2006.,32(7):1145-1157. DOI. 10. 1016/j. ijimpeng. 2004. 09. 010.



1302 5% 1 5 i B %38 &

[3] WANG Y, LEE S C. Experimental study of water tank under impulsive loading[J]. Archives of Civil & Mechani-
cal Engineering, 2015,15(4):986-996. DOI. 10. 1016/j. acme. 2014. 09. 006.

[4] SUN D, JIANG J, ZHANG M, et al. Ballistic experiments on the mechanism of protective layer against domino
effect caused by projectiles[J]. Journal of Loss Prevention in the Process Industries, 2016,40(3):17-28. DOI: 10.
1016/5. jlp. 2015. 11. 020.

[5] YU H, JEONG D Y. Impact dynamics and puncture failure of pressurized tank cars with fluid-structure interac-
tion: a multiphase modeling approach[ J]. International Journal of Impact Engineering, 2016,90(4):12-25. DOI:
10.1016/j. ijimpeng. 2015. 11. 014.

L6 Rl Wi . 0%, 45, o sl 43 T A58 Bl i 2 fL AR P T ). 2R 4B 55 wh i, 2016, 36 (8) : 121-128. DOI: 10.
11883/1001-1455(2016)01-0121-08.

TANG Enling, SHI Xiaohan, WANG Meng, et al. Perforation characteristics of cylindrical shell free beam under high-
speed impact[ J]. Explosion and Shock Waves, 2016,36(8):121-128. DOI: 10. 11883/1001-1455(2016)01-0121-08.

(7] EWenm, KR8 Myl 2. (4 G M 450 0T i B Al R RE I A 52 L) ). Ak T A%, 2009, 33(8) :1-5. DOIL: 10. 3969/
j. issn. 1001-4381. 2009. 08. 001.

WAMG Xiaoqiang, ZHU Xi, MEI Zhiyuan, et al. Experimental investigation into anti-penetrating capacity of low
allow ship hull steel strctures to high velocity steel fragment[J]. Journal of Materials Engineering. 2009,33(8):1-
5. DOI: 10.3969/j. issn. 1001-4381. 2009. 08. 001.

(8] ZRAR. KB HA Atk 7 4 o RV KB 7 0 4E R 19 30 g i o 43 7 [ DL BUIM < i V1K %%, 2016 :22-33.

(9] A&, . wpf 0K gy 2= LML JEsT 8 B7 Toll R . 2013 :201-240.

[10] A=l JUH 25 815, 55, Q235 BAR A 2 BRE Sk bt @ ®4r HE[T ], #5846 5 vh i, 2015,35(3),386-392. DOI:

10. 11883/1001-1455(2015)03-0386-07.

DENG Yunfei, MENG Fanzhu, LI Jianfeng, et al. The ballistic performance of Q235 metal plates subjected to
impact by hemispherically-nosed projectiles[ J]. Explosion and Shock Waves, 2015,35(3):386-392. DOI: 10.
11883/1001-1455(2015)03-0386-07.

Simulation experiment on small-size tank impacted by conical projectiles

CHEN Guohua, HU Kun, ZHOU Chilou, QI Shuai
(Institute of Safety Science & Engineering » South China University of Technology »
Guangzhou 510641, Guangdong, China)

Abstract: In this work, to forestall the domino effects resulting from the container explosion that may
lead to serious damages to equipments and devices in a chemical industry park impacted by explosion
fragments, we obtained the penetrating morphology, penetration energy and perforation diameter, of
small-size tanks with different wall thicknesses that were impacted by conical projectiles at different
axial impact angles, with the following results achieved: that the front penetrating morphology is
nearly circular when the axial impact angle is 0°, and is nearly oval with two flangings when the axial
impact angle is 15°, 30°, and 45°; that their backs are both dehiscent like petals; the larger the axial
impact angle and tank wall thickness, the more penetration energy is needed; and that the axial im-
pact angle and tank wall thickness have significant influence on the axial diameter of the perforation,
but barely affect the circumferential diameter of the perforation. Also, based on the mechanics of per-
foration and the laws of conservation of momentum, we derived the residual velocity formula of coni-
cal projectiles suitable for axial impact angles ranging from 0 to 45 degrees.

Keywords: conical projectiles; small-size tank; axial impact angle; residual velocity
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