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[ABSTRACT] In order to study the perforation process of perforating charge into rock strata and the distribution of
energy after the explosion, a fluid structure coupling algorithm based on symmetric penalty function and the RHT ( Riedel-
Hyermaier-Thoma) constitutive model of rock layers were used. With the explicit nonlinear dynamic analysis program LS-
DYNA, a 1/2 2D symmetrical numerical simulation model of perforating charge-air-rock strata was established. The perfo-
ration depth into rock strata and energy conversion of jet were systematically analyzed under different charge types, wall
thicknesses of liner, and cone angles. The research results indicate that the detonation velocity and brisance of the main ex-
plosive of the perforating charge have a significant impact on the penetration depth into rock layers of jet. The higher the
detonation velocity and brisance of the explosive, the higher the peak velocity of the jet head, and the greater the penetra-
tion depth into rock strata. When the main explosive of the perforating charge is RDX, the effective energy conversion rate
of the jet is the highest, followed by HNS and HMX, respectively. Within the range of 0. 6-1. 5 mm, appropriately reducing
the wall thickness of the liner can improve the jet velocity at its front and the penetration depth into rock strata. But at the
same time, the proportion of effective energy of the jet will decrease, and the detonation energy will increase. Within the
range of 55°-70°, appropriately reducing the cone angle of the liner will increase the effective energy conversion rate of the
jet and the penetration depth into rock strata, while the conversion rate of detonation energy will decrease.
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Fig.1 Physical model and finite element model of perforating charges (Unit: mm)
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Fig.2  Evolution of damage caused by penetration

of shaped charge jet into rock strata
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Fig.7 Energy distribution during detonation stage of perforating charge under different wall thicknesses of liner

FR S BRI 7 LU 24 ) R R JEE 3 T sl )N

] 8 S AEAN [] 245 750 B I JEE T S L 3 Sy S 340
JE BT[] PR A8 AR AR OO0, 24 78 B ) R RS A/ NS TE 5
FLARR I 5 0938 55 D A T S 0 S 3k e e, Sk
IS T J3E 8 B (T %) P () T, 7 40 ~ 145 s B[]
BEN,0. 6 mm ZH LAY Sk R B AR AL T HA 3 4T
e NS, X JEH R ,0.6 mm 41T REAN,
PEATHE T R B T A 3 4l & AR B Y, W 2 1)k
BRI B AR AR 2 A R v S RE AR K, I B O
WA BHRERER A /N, AE 250 ws i, 4 45 Sk 30
JER G g, Hrp 2GRS RE]E S 0.6 .0.9
1.2 mm A1 1.5 mm B, 5 37 Sk 350 A0 04 (B2 B2 431 R
8 867, 8225, 7 819 m/s F17 382 m/s, Hf FLAH 27
BEREJEL A 0. 6 mm R SR I Sk 3 06 3 BE 43 1 L
0.9.1.2.1.5 mm B #2517 7.8% .13.4% 20.1% ,,

10000

— 0.6 mm

[
[=3
(=3
(=]

6000

ST KR B /(s )
S 8
8 8

%0

T00 150 200 250 300 350
A 8] /us
P8 ANIm] 24 70 SR JEE S St S B R AR T 2%
Fig.8 Time history curves of head velocity of jet under different

wall thicknesses of liner

H T 24 B B RE PR ) AN [] P JE 3R A 9 )
JEFIE S B A2 5 A S BURM A B AU %
Sto ZBRTHHLIAY AR L, 25 5 B RE J5 0 O
AR 1% ~ 4% 2 X T [ 7 1 5 L 3 e 25 24 7
HIHES 2, AR 2GR B RE R0 R, 2 S BUN ™ A2
PRIME s B2z, ol 24 70 B JEL 0ot /0 | D)2 7 A ) S

TR, A R BUR IR R N

&1 9 SRy AN ) 24 75 B RE JEL T SR A= 10 e 25 1) 1
Pifhe i, WK FF | FEAN [R) 24 78 B JEL I S
R R S A — S, Horp 258 S BE )
$70.6.0.9. 1.2, 1.5 mm B} 5= H05E 535~
607.2.599. 3 571. 1,549. 4 mm, 24 &I ¥ B 5
0.6 mmAf  ZHAE 2 TREE 3 0.9.1.2.1.5
mm B4 T1.3% .6.3% .10. 5% , HIL, #F— &
T Bl A B/ 245 2 B R R AT LR TR Y A SR P fE
MR, 208 R 22 oot SR FLAE HE RS 1 52
M, AU, 7E i 2 HG A B SR (Aan S FL R BE L 28 5% L
AT HREES) WG OL T, N3 i/ 25 B B

100

200

300

% B /mm

400

500

600

700
1.5

12
257 S BE JE /mm

R 25 00 TS 0 5 6 S B2 i

Fig.9 Historical damage variables of penetration of jet

0.9 0.6

&9

into rock strata under different wall thicknesses of liner

#ERRF T
Ryt — ARG FLHHE A7 0 5 2 2 i TR S i
YIS BE 2 e Ak 19 52 ), B B LR R R
HMX , [# % 25 5 B REJE A 0.9 mm , 4351 i 2% 5 FL 5
HEFoR 55°, 60°, 65°, 70°, & 10 AR[RI4HE M T 5t

3.4



2024 6 A LRI 2 MR SR RE L, % 55

100 30 5

80 E §§§ 251 E§§§ 4t =&

ﬂ;ﬂ sl —To° ﬂ;ﬂzo- —70° ﬂ;ﬂ 5l
20} M 1}
% 5 10 15 20 0% == 10 15 20 0% 5 10 15 20
B 18)/ps B 1) /s B 18)/ps
(a) MEZi e & () B ReE (o) SRR
10 AS[EIHEA T ST FLIE e o B o B i B i 40 AT
Fig. 10  Energy distribution during detonation stage of perforating charge under different cone angles
FLAR S MR 3 B BERRE R 0 A I Ol B 10 W] 10000
ST, HT LB 2555 4 10 22 5%, 60k #R g 70T, S 80°
FLBLHZG 60 LR, I A 09 R K, L o 76
FL U 24 1)) Ui B ek B A A DB NTTRRAIG . L E 6000
PG  VEZ M RE R 2RI/, TE =10 ps J5, T % 4000
B%ﬁ;@ﬁ{ﬁggf, WSS REEAE 1 =8 ws e ik 2000
B ; BHARAI RBERETE 1 =6 ps A4 A RIIE(E ;
W 5 9 AR B AR R S K RN, IR 0050 100 150 200 250 300 350
SEHES K2 RIA R Tk A5, sl
HR G BOAE A3 45 SR A5 31 S L3t £ 2 3l L AR TR £ S0 Sk e O il

550, 60°, 65°, T0°F, S fLERE S W IR RE I £, Fig. 11 Time history curves of head velocity of jet under

A3k 77,64, 80.92 83.74 ., 86.20 kJ; MR 4k
Ja MEAFIARBEE E, 0l 2,82, 2.94, 1.73,
1.76 kJ; H1 i R AFIRRE 7 E, 439k 4. 22 3. 85,
3.57.3.39 kI; #iac i R ag i E, 43 0k 24. 03
24.81,25.08,25.51 kJ,

FRPE(13) THEAR 2 AN R4 AR R 59 L A
J& S A R RE R AR AR 5. 64% | 4.94% |
4.35% . 4.01% , HH LT UL, 78 55 fL g e 2 2 /1 D)
R 22 R B R JELAH ) BsF S L AR R I S I ) A R
AR B A HE A 03 RN, X (14) TR
33 ASFHE A T ST LSRR IS RS e i A (b R
3 62.8% | 63.8% . 65.1% . 65.8% , HilLHAl
U, FE LA 25 28 A L) K 24 AU S5 RE LA [R] o) | MR 2
et AL R Bl B A B3 MRS K

11 SR ASTRIVHE Ff T 5 I Sk 300 B i e (1] 1) 2%
RGO

ML 11 Ha] LU 7S fL o 24 2 A0 Je 24 Y
B RE AR RIS, T HE A2 AR AL, S EGRIR & A
S S5 T B R 24 R RE A T A s ) 7 A AR Ak i
T3 BEST TR B B[] = AR i 22 5 #fE AR 70°
i, 8 55 0 e ST 3] 35 247 R S TR 8 SR )T I
Vi) B o, TR A ) {1 e DA, (L Sk S 06 {1 3K eI
U7 697 m/s, SHLEREES A 55°, 60°, 65°, 70°

different cone angles

I, Sk PR UG (R E 43 391 4 8 751 .8 225 .7 945 .7 697
m/s ., HFFLIAE M R 550 Bt %) 5 3T S 30 e {5k
WL HE B M i 60°, 65°, 70° B £ = T 6.4% |
10.1% 13.7% .

12 SARTRVHE f T S8 AR 0 2 00 D s 45145

AR,

60

70 65

HEAI(°)

55

F12 R[RISEAR BRMA J2 00 D s i s
Fig. 12 Historical damage variables of penetration of jet into

rock strata under different cone angles



- 56 - B

)

5553 B4 3 1

HEFf R 700, 65°, 60° ., 55° I R4 10 1R BE 43 )
}564.7.585.3,599.3 . 614. 1 mm, SFFL7H4HEF
h 55° B AR R FE 43 31 HE 60° . 65° 70° i $E i T
2.5% . 4.9% . 8.7% ., SHLIIHEM SIS 72
RSB I 1 AR, MU T LB R AR L, T2
MR AR . Bl AR /D, LS o O AR S
B2 1 B 2 LA 00N SO B R B P B
MRS R A 2 R PR RS &, H 3 B2 s/ Ve
A, 2 B AL A R BE B B Ak O SR I 4 A AR
24 NI R BURBIERE ™ N, Rk, 7 — 7 TE
PO INEE AR T DL AR S IR AR ) 2 R B 5
[FIERE , 2384 AR 35 e X 69 FLAS A R e i 45405 52 il
UL, 7R R AR (AN FLIRE L T A T
FLoREESE) PIEOCT WV S 98N L A

4 #Fig

BEXF S LR K 5 R B S R AR 2 M R
AR [R]85, R F ALE-Lagrangian i [ 45 5 7 32 45
4 RHT AHGERI GBI T LR AR R NE 2GS H 2Y
TS REJR T e AR T R AT IR R 2 1 28 VR I B i
SRS AL A5 S S5

1) AL K I 2R B 5 U A R A R R AR
(NSRS = IRNT(IF: =53 5 GLele ot s AN 31 B/
1R Z MR EE 5 32256 2 I 33 R JEE IE A G, 3
P RO 25 25 o RDX (04 5L RE 5 L R ik,
HWRCH HNS HMX, %625k HNS B, 3 Ak i 5 1L
R, ik HMX RDX,

2) LA 5 e 25 2 AU RN AR £ AH [R) s, 7 25 AL EE
BEJE A 0.6 ~1.5 mm JEE N, BTG R EESHRZD)
TR EE AR 22 e AL L5 2 78 68 1) BE JRE R /N7
HHE , B A A ARG 7 L R JE T AR G

3) SFFFL AR 52 25 2 U 24 U B RE JEL A [R] ) 7
HEFR 55°~ T0° U N, R AE G RAE ST IR W A2 1
TREE RS A SCRE 5 L S 4 AR 0 R/ RUR O
JREZRE R N LS HE A IR A G

2 % X #

(11 xI&, £, EHA, 55 MRS LE AR &R
BURSREE[J]. AR 5T &, 2014, 41(6):
731-737.

LIU H, WANG F, WANG Y C, et al. Oil well perfora-
tion technology: status and prospects [ ] ].
Exploration and Development, 2014, 41(6) . 731-737.

Petroleum

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

LEE W H. Oil well perforator design using 2D Eulerian
code [ J]. International Journal of Impact Engineering,
2002, 27(5) : 535-559.

HE, K, A, & LRI W Bl
BHG e R[], Bk TR, 2010,17(6) -
121-126.

JINW W, ZHANG Z, HAN X Q, et al. Numerical
simulation of formation of shaped charge jet and cartridge
design for perforating gun [ J]. Journal of Plasticity Engi-
neering, 2010, 17(6) ; 121-126.

WO, AT, iR, S SRR ALIUR 258
SEFALPERERE T[], MREAR A, 2017, 46(2) : 31-
34, 38.

PAN W Q, FUD X, LAI K H, et al. Study on penetra-
tion performance of bi-layer liner in energetic penetrating
charge [J]. Explosive Materials, 2017, 46(2); 31-34,
38.

SRUETS, JEAAE, PRk, 5. kT SPH 5 LRI R AE
S R ) TR B - R A B (A [ ], BB A iy,
2016, 36(4) . 516-524.

QIANG H F, FAN S J, CHEN F Z, et al. Numerical
simulation on penetration of concrete target by shaped
charge jet with SPH method [ J].
Waves, 2016, 36(4) : 516-524.
LIU J, GUO X, LIU Z, et al. Pressure field investigation

Explosion and Shock

into oil & gas wellbore during perforating shaped charge
explosion [ J]. Journal of Petroleum Science and Engi-
neering, 2019, 172, 1235-1247.

SEaade, R, BT BT T LR AR R b
Y ALE i EC [T B 122441, 2022,39 (5) -
901-907.

DOU Y H, XU H, LI M F. ALE simulation of ultra deep
downhole perforating projectile penetrating super strong
sandstone [ J]. Chinese Journal of Applied Mechanics,
2022, 39(5) : 901-907.

Sy, FEWIEE, A, SR 5L IR RE S A 1R 14N
LA R S S B (U] JRE A #1, 2012, 41
(2):30-33.

WUHL, DUM Z, YANG C, et al. Numerical simula-
tion and experimental analysis of shaped charge jet pene-
trating into steel target [ J]. Explosive Materials, 2012,
41(2) . 30-33.

Wkl ZRAkAR, BURAR, S5, B 24 B0 B PR B 2R
REST AL BB R RE 5w ) 5 LA ST [ ], S
£ TR, 2019,40(12) « 35-39.

CHANG B, LI J D, JING Y D, et al. Numerical simula-
tion of effect of material of additional liner on the forming
and penetration of hypercumulation [ J]. Journal of Ord-

nance Equipment Engineering, 2019, 40(12) ; 35-39.



2024 46 H

SLIR B A R S RE B A AURIR AT TS

PREEUL , 45 .57 .

[10]

(11]

(12]

[13]

[14]

[15]

[16]

R, EIEAR, WO, S MR AR IR EE L
DS REKEBON ST (1], 56 T 524, 2019, 40
(9): 1829-1835.

SU C H, WANG H F, XIE J W, et al. Penetration and
damage effects of reactive material jet against concrete
target [ J]. Acta Armamentarii, 2019, 40(9) . 1829-
1835.

SRt SRER, )7, 4. SPH JIETETE MBUE A
MR R R R[], R B4R, 2019,33
(5): 174-182.

QIANG H F, ZHANG G X, WANG G, et al. Applica-
tion of SPH method for problem of rock penetration with-
in the wide-ranged velocity [ J]. Chinese Journal of
High Pressure Physics, 2019, 33(5) . 174-182.
SUCESKA M. Evaluation of detonation energy from EX-
PLO5 computer code results [ J].
sives, Pyrotechnics, 1999, 24(5) . 280-285.
KATAYAMA M, KIBE S, YAMAMOTO T. Numerical

Propellants, Explo-

and experimental study on the shaped charge for space
debris assessment [ J]. Acta Astronautica, 2001, 48
(5/6/1/8/9/10/11/12) ; 363-372.

STEINBERG D J, COCHRAN S G, GUINAN M W. A
constitutive model for metals applicable at high-strain
rate [ J]. Journal of Applied Physics, 1980, 51(3):
1498-1504.

WFSE T, AR, KkIER. JET ANSYS/LS-DYNA
8.1 HEAT /RN S Hr [ M]. 2 . dbat. iR
iR, 2005 313-326.

SHID Y, LI'Y C, ZHANG S M. Explicit dynamic a-
nalysis based on ANSYS/LS-DYNA 8.1[M]. 2nd ed.
Beijing: Tsinghua University Press, 2005, 313-326.
RIEDEL W, THOMA K, HIERMAIER S, et al. Pene-
tration of reinforced concrete by BETA-B-500 numerical
analysis using a new macroscopic concrete model for

hydrocodes [ C]//Proceedings of 9th International Sym-

[17]

(18]

[19]

[20]

[21]

posium on Interaction of the Effect of Munitions with
Structures. Berlin, Germany, 1999 315-322.

BAHMG. HET HIC A 4 A R e 5 A0 36 T AL A
ERAID]. I SIE TR, 2020.

HUANG Y P. Numerical simulation of rock blasting
damage evolution based on HJC constitutive mode [ D].
Hefei: Hefei University of Technology, 2020.

BOA, DiE, BREE, B LTI TRSE
19 4 KBRS FLIRAERE T ] v A ik A TR e S
Jikk, 2022,42(22) ; 136-138.

LIZJ, MAL, LID P, et al. Optimization of perfora-
ting ammunition in Wushi block based on in situ condi-

tion targeting experiment [ J ]. China Petroleum and

Chemical Standard and Quality, 2022, 42(22) . 136-

138.

T REAE R R TTENETE )], B

#1, 2005, 34(2) . 16-18.

WANG J. Study on the means of improve the strength

and brisance of explosive [ J |. Explosive Materials,

2005, 34(2) . 16-18.

Trest, RO BRSO, A5 SHLBSR DS RE R AL
WA RAFE 1], h EZ 2R EE 0, 2023, 33

(9): 76-85.

DING LL, LEI Q S, CHEN W K, et al. Study on tran-

sient energy transformation and influence factor during

perforation explosion [ J]. China Safety Science Jour-

nal, 2023, 33(9): 76-85.

RIS, BT, Wik, 5. RS R TS i E

iR LRI [ ], HKE 5 by, 2023 ,43(3) ; 85-

101.

MU G Y, LUO N, SHEN T, et al.

damage-induced fracture formation in shale reservoir

Mechanism of

penetrated by shaped charge jet [ J]. Explosion and
Shock Waves, 2023, 43(3) . 85-101.



