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Abstract: To addressithe limitations of traditional segmented empirical formulas for underwater explosion shock wave loads,
namely, insufficient nedr-field accuracy and physical discontinuities at partition boundaries, an improved unified continuous
calculation model for near-field shock wave loads was established based on the Chapman-Jouguet (CJ) detonation model, post-
shock approximate isentropic flow assumption, and Kirkwood-Bethe (K-B) theory. The initial conditions were derived by
combining the CJ detonation model with the post-shock approximate isentropic flow assumption, where the Tait equation of state
was employed to describe the water medium surrounding the spherical bubble and the isentropic flow relation was utilized to

determine the particle velocity of the detonation products. The boundary condition was formulated using the K-B equation in the
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form of second-order Mach accuracy, which retained the boundary Mach effect under high bubble expansion velocities and
compensated for the significant errors introduced by the first-order approximation in classical K-B theory. Furthermore, an
improved pressure attenuation time constant incorporating a time-dependent correction term was introduced to account for the
unsteady decay of interfacial enthalpy during bubble expansion. By solving the bubble expansion history via the Runge-Kutta
method and coupling the continuity assumption with momentum conservation, the peak pressure at arbitrary gauge locations was
calculated. Subsequently, an iterative approach was adopted to obtain the pressure-time histories. The theoretical application
range was thereby extended to the dimensionless detonation distance of 2 to 20, eliminating the discontinuities inherent in
conventional piecewise approximations. The model was validated against multi-scale spherical charge tests, unified bubble
dynamics high-fidelity theory, Arbitrary Lagrangian-Eulerian (ALE) numerical simulation, and classical empirical formulas. The
peak pressure calculation error was maintained within 10%, and the accuracy of impulse and energy flux was significantly
superior to Cole's empirical formula. Calculation results show that the peak pressure and energyyflug 0f the.shock wave rapidly
and nonlinearly decay in the near field, while the decay rate decreases markedly in the middle and'fdt fictds. In the near field (2
to 10 charge radii), geometric diffusion contributes approximately 89% to the peak pressuré attenuation, and the energy flux
decay is almost entirely dominated by geometric diffusion. The impulse decays slowly Witheddtonation distance at a rate much
lower than that of the peak pressure. The systematic overestimation of impulse and endgy flux by Cole's formula in the middle
and far fields stems from its constant time constant assumption, which neglects\the’ tmsteady nature of bubble expansion. The
proposed model possesses both analytical efficiency and numerical agcutacy, pre¥iding an effective theoretical tool for
underwater weapon warhead design and ship anti-blast protection.

Keywords: underwater explosion (UNDEX); shock wave; near fi€ld; CJ detonation model; K-B theory; geometric diffusion;
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(a) Basic processes of spherically symmetric explosion: (1) Detonation time, (2) The detonati ;/ eration, (3) The
impact of the detonation wave on the gas-liquid interface, (4) The shock wave and bub e% , (5) Shockwave
propagation and bubble expansion; (b) Data of the shock-front trajectory for sp. symmetric explosion.
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PR, BRI AR S B SR FE T AR A i AR, SRR R B T b AL iR
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2 E R RS A ORI EIE A T IERE I, EPTRRAR ZORRFE 10% AN, RIIA
SO AE RPN T SRR 5 TR SE I MR A TR I, X6 v o e 807 S B - T G 8 s (2 LR 5
R, ARG GRS

600 T T T T T T T
—&— The improved model results 6 —&— The improved model results
500 —®— The Zhang method results'?! _ —&— The Zhang method resulis!?!!
5F .
400 —
—_
] %]
=] ]
2 &
300 = i
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3+ 4
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T T S R B T | 9 L1 g NN,
3 4 5 6 7 8 9 10 3 4 3 6 7 8 9 10
RIR, RIR,
(a) Peak pressure (b) Impulse

B 4 377K T RRIE T 00 R oot A S X6\ Zhang S5 2B 0 L
Fig.4 Comparison of the near-field UNDEX.with the model by Zhang et al.[?!]
2.1.3 Attt HAEA R BRIy A% Fatik

HH T 377K T 50 St 1) ME FEAR JR2, oy T i it s imh i Re I A PR, 2k
Jerbifi fEThfe R R, M LA Rt B8 T B K TR e il (B R /) W]k GPa 8400 #EATH 2
&, AR EE R o R BUE A 77 AN R I e AR 3 P
2.1.3.1 AR

AW T K LS-DYNA A 34T BB A 32, R FH A% B EVE RN BB E AR 456 AT 2 b B H -BR
$i (ALE) SR AR TG IR K S b oy PRI AR, LA AR DO AR TR I s Mg A2 [ 7 1T B A B SR AL 5
(231, SEEARAY R B WA S(a) s e FEISON 1 mx1 mx1 m BI5TEKI, BiE h 20 g BRJE TNT JEZ
CEFRN 144 mm) WE TIPS, AN (0,000, RAFOERE TR, BADRAFREEN,
AR AR TR THI it IR PR 120 5 2R <R 7K St St N s S 1 5, kb S T, DS UL TE R
KR . {8 FH*INITIAL_DETONATION & AEZHEBALE . Ak, BT /K NEIERIBES R,
THE S Al PR BB AR R 430 o RIS fRiA 1 5 2% A, AN BRK I 20 B AN AR E R 7
A A B AL 2 Bk B R m-kg-s [EBREAALH]

BT B B AR = FRgE i, SRA /8 AR M ERCR . AR SRS, TEXEZF
BRI T — Ml 4R X I, 8 75 20 cmx20 cmx20 cm N X3, 1% X3RS AR B Wi R . PR
BURME AT, BAERRBNMAE ST A2 mm, FETN 2 mm dIEE 7 mm ORI, PR RN
SOLID164. P#&AA A 5(b)r.
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(a) v ()

(a) Model settings b
SRR \ﬁ,
Fig.5 Calculation m - >
2,132 M AHBEE A A% V\//

HERUEATE Y, [ F*MAT HIGH EXPLOSI I*EOS JWL K3E X TNT KM KIS
RATTFE. JWL (Jones Wilkins Lee) RAS 77 FEHks & IR T AT R FRH B AR AR N B )
PR, s XN R4,

i _O |y, 9
Do = A (I—RI—V e +B(1 RZV]e + % (17)
K, VRIRIBE VAR Rk%%#%ﬁmztﬁ Ae: Awis By o Ry ARy NAENE AL,
JEH 2 R I bR E ZIK 0 TNT JEZZE % IWL RS T RS H SCwik[26], HAREL
HAH T 1.
2y HEFI*MAT NU " GRUNEISEN K& SUK IR RIS AR 7772, Mie-Griineisen
RAS TR 2 SN R 25
P, wﬂ[H(l—};jﬂ—;ﬂz}
~+(y, +au)E, 1>0
1= (S~ =5, 25 2 (18)
(S -1 Tan S Tea)
P+ (yy +ap)E, <0

K, w WEG R, w=plp.-1, FHob (>0 SRKEARE, 1< XRUKFIEZKRES: yoh
Griineisen R¥(: a AHBUEIEH T Si S Sy ARG REG E, KA R ARFR K RE S48 5
IKN RS HCRES T FESHIRE SCRR27], W3R 2 s,
# | INT k55 30
Table 1 The parameters for TNTI26]

*MAT_HIGH_EXPLOSIVE BURN
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po/(kg/m?) Detonation pressure/Pa Detonation velocity/(m/s)
1583.0 1.94¢10 6880.0
*EOS_JWL
Aywi/GPa B/GPa R R, w EJ(J/m?) Vo
307.0 3.898 4.485 0.790 0.3 6.968¢9 1.0

®2 KN BRE

Table 2 The parameters for water!?7]

*MAT_NULL
pw/(kg/m3) Cut-off pressure /Pa Dynamic viscosity/(Pa-s)
998.21 -10.0 0.8684e-3

*EOS_GRUNEISEN

c.o/(m/s) S S Ss i a E,/(/md) Vo
1.647¢3 1.921 -0.096 0.0 01350 0.0 2.895¢5 1.0

2.1.3.3 MRS AT

RPATEUE AT B SRR B SRR, I WS U S A A e B AR A RS . B B/ NS RS
1 mm~10 mm. B 6 25 H T A [F R b i i R Pk 21 BB 1 45 IR 5 Cole 256 4 T B 45 SR Xt
Ebo Z5RER, MR 1 mm B AE 10 mm W, FEGESERBNEEER. SRR NI
mm 1 2 mm B, FAEEZ R Cole BRI AXTHHAERIEA—F; AR, 1 mm P RSSEHE
MR TR b0 X H 3R 3 Fral AR E AR RSHAE 15, 224 30 fi5VEZ5 242 Ab A VAR IR FT AR 4% 22 m]
Hl: 2 mm RS AE SRR R B AL RIS I E 6% LN, FEES 1 mm PIKGEUT; 4 mm PORE R ZEHY
& 15%~22%, CAMELLHCIT7 SeifE Tk 8 mm Al 10 mm MR ZE R 27%F1 56%, ™ 5 {55
HEff . SR O H BT EAE B SRR 2 S mm PR TEVE(E R 4 B RA 2T &EdE, bR AR 1
mm PR PR, S IR BRI ek 3. Rk, AR RSN 2 mm RS HEAT 3L
A, 2 BUE AN AR R RT3 A 2 mm 284628 7 mm, (RS R IEA 373 TR

100

—#— The Cole method results
—&— | mm
—&— 2 mm
—v—4 mm
—¢— 8 mm
—4— 10 mm

80 |

60 -

p/MPa

a0 b

20 e 77_‘\0\x_, -
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B 6 AR RUSTof BUE 117 FL 25 TR A 5
Fig.6 Influence of mesh sizes on the numerical simulation results
®3 AEIMERST THEBEEDEFRERTEYER (UL 1 mm JEAE)
Table 3 Relative error of peak pressure and computational efficiency for different mesh sizes (benchmarked against 1 mm)

PR RS /mm 15 fEARAbIRE /% 22 fERRALIRZE% 30 AR /% TR ORIRTTEHE

1 — — — 48.0 1.0
2 3.83 5.27 3.58 6.5 7.4
4 15.38 21.67 17.45 1.2 40.0
8 27.44 33.84 32.44 0.6 80.0
10 56.97 57.53 57.17 0.3 160.0

2.13.4 ZR3tik

N ARG g 2 R RIS IR A0 th S B R d Ik, B 7 Dk ATEUA DT FR A A st i)
TERR, HEK20 go 1 kg M8 kg TNT ERIBANELITT /K MR UL I e 2. & T
Hopkinson-Cranz AU, 78 JURTARASRAE TS, 25 AN [F) 245 B R4 AH 7] R/Ro,JH FH 2R 2 AL U {8 5 ) S84
TREFEE . WK 7 foR, EAHFITCENEE T, 20g. 1kg Fl 8 kg TN IR & Sy A KIS, Tl (E
70 BRI TRVt o 2 B R T G N o 31X — &5 RAVEIGAIE 1 p gl s A1 T B 40 AL s T i 2
Hopkinson-Cranz AHABUEE, 1 7843 i BH AR SCA AR AN [) 24 i B R0 R SE B e A s e . 4 L
ARG AT HET B RS B ERENES . BT R R AN T 212046 [ Hp 2 ToBR K sl e, A SCHs
BAEH . HEFfaH, KREEBRIEET S ] AR RPN /B TR A 2 AR AL, 5 7 % 1K
IR, NN FEIE.

BE— 25 3 W b o P s SRR T A AEZE IR B /LS ) BRI B AR B 0 1 173 HiD, phie &
JIRIRECER: MR, BB TR,/ 218 T . ok, BEETENEE (RIRY) K1Y
K, BB FARAE s ) 3l 5 B IR IR 5 N2 AR G U T /KA 5 45 e s S 7 4 5 1 P o ) B 12
(281, AHANSZ A VAR R ) RS HER AR . 94, Sk TH RS U B LR (A e 35 L BB 7 FL45 D,
X — i 22 ] REE TP R BOZK A BURES IR AN R TR SO v SRR R Tait PRZS T etk K
ARSI a1 s 1 BUE (] BBATK H Mie-Griineisen tR7S 7 FE R KA i, 1@3d Hugoniot £k
TERNZ IR RGN A R AT SE AL A IR KA 0T e i RO . P RIRZS T R AE TP IR
XL RIEAR—5, (AL HRJERAFEE ST, Mie-Griineisen IR FERES A2, HHATIK
WHAER A R . B 7 A7, SRS ) B R A B EU RO S T RS T, R A IR R R A
5%LAPY,  HLREIE AR IR R o, U Tait 77 FEAE AR E FH VO RN B R T SRR
[ o SHE ML 1 BV HE S AT R
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700 T T T T T 700 T T T T
600 —— R/R,=3-Simulation T 600 |- —— RIR,=3-Simulation T
—e— R/R=3-Tmproved model ] —— R/R=3-Tmproved model
500 —— RIR,=6-Simulation . 500 - —— RIR,=6-Simulation B
—r— RIR=6-Tmproved model 4 —v— R/R=6-Tmproved model
400 —+— RIRy=10-Simulation E 400 |- —+— RI/R,=10-Simulation B
,:; —+— RIR=10-Improved model § —+— RIRy=10-Improved model
EBOU - EBOO - -
200 E 200 | B
100 g 100 | A g
0 WY W [ S b=ty e e e ]
1 1 1 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.0 0.1 0.2 03 0.4 0.5
Time/ms Timofms
(a)20g (b) 1 kg
700 : : : :
600 |- —=— RIR,=3-Simulition
—+— R/R,=3-Improved model
500 - —— RIRy~6-Simulation E
—— RIRg6-Improved miodel
400 —+—R/R,510:Simulation —
E —+— R/Ry~ W Imyiroved model
=
= 300 -
200 -
100 B
0k i S
0.00 0. 25 0. 50 0.75
Time/ms
(c) 8 kg

7 AR R IRIE LN SO T ST S A 0 T B
Fig¥7 Comparison with the near-field UNDEX simulation
2.2 FIEFK NRIET R
BEXT A 7K R BRI EN, T 5 R FH A 1R 0 S (2O 2 <] A ORI i B e A A 25 0 e
JEAR #2942 THE0:5%kg RDX  (Research Department Explosive) BRIEXEZGH.0r 0.5 m (£ 10 f51EZ
#é)k%&ﬁhvoﬁ%m%mﬁ8@ﬂﬂ%%ﬁ%ﬁ%¢ﬁ%ﬁ?@%ﬁ%oﬁ%&ﬁ%um
(TGRS 247, TRHTEZ 4.9 kg FIERIE TNT JEZ5Ed ool E k. KH 124
PCB138 [E G a K AR AT B, AR RGP 5L 0 T 7 — K2 b, Sl sl O
1.5 m, SO 13 m (29 15~135 fEVEZ A0 . AMIREEE v S, PR EZ LU T 2 &
[ &8 2% 1) = K
A 8(a)Flrn, AU i 7K T BEE L0 R T B P AR SR BE 08 DR R ECUF HORE 2, hk b B fr e
EIRZEAE 10% AN, H 5 IR AU 15 - (8] 2 A R TRl . 18] 8(b) o 1 st T SR L A
Cole 2256 2 SNHITH A RATEL . Uil 8(b)Fon, etk A SRR (1 i P W B 1 71 55 Cole 2256 A 3K
GERAHLL, AXIRZEANT 10%. BEAh, IR REIR T H 0 AL KT KRN i ok i 0 A ) B I 1) SR R
BROR, e bR AR, el AN EES . WK 8(b)Fr, Cole 246 4 5 B )
TR S I () R O R 10 f5 . 15 50 20 5 XE 252 R A M RHRE Z KA 19.07%,
18.27%, 20.31%, HEGHMTHEBEITH LGS Cole BRI AR/, X —{hZ F] HEJET K-B Hi 1
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BB, IZB VRS -V T AL S AT 1R R S B R O, TSP K T MR A o o i P A 4
Rk R MR- T RS AR R AR 77 5 3K — B AR (RO

ZRE 2.1 WA 22 IR GRAE, AU T YRR 2~20 RN, XWAFER (20
g. 0.5 kg 1 kg 5 8 kg) HIBRIELEZ), AFML415> (TNT 5 RDX) HIMEZGKAY, DL LRSS
(PVDF 5 PCB) REEMIRIHIG Y RA RIFH— Bk, WAE S iH AR = HIE 10% N, &
AR, ARG RIFEENE SN, TR T RSN Bt th. it LR RS
WAERRR 1 22200 3 3 UAE 2~20 JEFE A& FH PRSI : Zamyshlyayev A UERFIATBAZIE, HMBA
KAET A B R AESE, LI X RS 27 23 Cole 2~ sUWRIHIE T K-B BIg 11—
AR, BB RS A A E R R B R O, R RSt s P R S RERE L, HiRE
it R AT R A

125 T T T T T 125 T T T T T
==—&/R,=10-Improvcd model
[ 117.93 MPa —=— R/R=10-Test S 109,62 MPs 5y —R/R=10-Cole method
100 LRt —— RIR;=10-Improved model | 100 b e Y RiR=15-Improved model |
—— RIR,=15-Test “—+— RiR=15-Cole method
—+— R/Ry=15-Improved model —+— R/R,=20-Tmproved model
75 65.18 MPa — RiRF20-Test h 75 L RiR=20-Cole method 1
6421 MPa —+— R/R,=20-Improved model 4015 MPa
= / = q Shockwave-pressure-time decay constant 8
% 44.723 MPa % 4.7/ \;;;‘R MPa Improved model Cole method
B 50k fM 76 MPa 1% sl s s |
{ \ 10R, 135.15 169.73
w' I5R, 149.23 183.93
25 F %, 1 25 - 155.00 195.00 b
) I \3?:‘::;,‘:@%____ = ‘a] o cn e o s
N 1 N L N 1 N L 1 R 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 25 3.0

Time/ms Time/ms

(a) Comparison of the improved model with experiments?*3%  (b) Comparison of the improved model with Cole method
8 I K T BRNE LI T 45 R L
Fig.8 Comparigon,of fesults‘'under mid- and far-field UNDEX conditions

3 MK EATFE AR

W B A7 b B ARGE SR SR VP A v o B AT ) S5 5 BT ) H IV A R b o SR, B — 4R xfi LA
i MER I RAE PR BT R A DAV IS AR, R 1 I - A I RE R 4R s AX
PAh B RE L FEVRS M, I JE i e I v e U A R B S sl J0 M BT, AT 22 487041 20 g TNT
BRI 245 vho o T AR 2~20 Y A Pl IR IS 0. ph R BEIALE FE A S0, JF 58
A7 M RIS N RAT L, 41 56 U a2 A 25k

A Cole UG AN, PhibiPAFIES BT IR NE 25 S AR AR s B . X T TNT £E24,
#ZEAA LR LAk iR 6,

W1/3 1.13
=522 19
2 ( N j (19)
1/3 0.89
1=5.762W" (WTJ (20)
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13

2.05
E, 813" (WT] 1)

K p o NPPEEIE(EE S, MPa; [ NIE 1P, kPass; EfNREEE, kl/m2; WoNIEZ R &,
kg: R NS BEROIEE B, m.
3.1 IEEEN

I AR PR I A2 B TR PE I RUK A B 2 () s A R A ELAE P R P A e MR E R AR, MR
AR I 17 K R AT PO RE AR, TERRP e . VRAE I TE N VEZIK TR IE I S 50,
RIS EI R PR ) B TC R AR P AR (R A 9 BTvR . T3 /K AR IE pht
TEG I DLBRT U (O 20648, ST T A S BE 7 R E L, BBV 28 B R T8, i ol S LT 7
RUBLSEZE o RIS 7K o FRDRG P R O R4 1 5 AL Re AR RN, ki i S 30 HH R BORIORL,Ap 88t i e W T
JIBEA, BKTEI K. BEE BRI — DK E iz iy X 8 OE RN EE K T 100 WK U B T 1) 5%
RN AR T, LA BRI, DR b ok A e ) SR Uk R EA K RN T & TP AR
Wesh., BAKTT S, i 2 REVEZ L ARAL R 2 10 fEXEZG 040, WG oL IR/ T 89.94%, whiik
JUART3 B33k 7 5 5008 A1 1 0 S Rk X B FIAEL 9 80%, P M By 10,05%, BRI J LT 9 Bl oo ik
2] 89%, YRELRUNLGTHRE 11%, 3BT X A R 732 s s 3R R U B £ ZE R &R,
URECRUSUN IR R 3 o T8 B X o 0o, LT3 SR R T Yo% T T AR A J P 7 36K, AL
ARG S B AR PR V7 S, R T IE RE A5 2 1) LAnT 28 23 IO~ TE/R S5O0 I T 7K A o RS 4 BEL e
AR AR SR, RBUMHURAE R GBS DL J8 TR A, B 9@ et T
22 L2 56 0 A H LR URIE VS Bl R AR 28, FRabHE s e i) B3 Im B 3 S b, 3X — 3% b A
T EPIE T 4 ML 2256 0 OANIE T BT 3 WEAE [ 77, 7 WOdE—0 BB T RSO e 37 3 A L 1t 7 F 4
BE,

M 10 fEVEZG AR AL R 20 5 IEL AR 0 NE(E R J108/N T 60.30%, s ) LT3 B v
FIOEAE R I 3 IR B TIAE N 50%, P AHXT 22088 17.08%, BRI LMo BTTMR ) 83%, IRHIAL
AR BTHRIE K A2 17%, 3R Rz 3 X Sk A8 ) 3208052 T LRI BOSOS AR oo L RE R, H
PRECRLSL IR XS 52 A TR . SBUE D s X, Sk T AR (U AF e R ZE 45 7
10%, & 77 Mg A ARG, B 2 I8 BE R PR O e SO i 35, (RS /N T 4UE
PEEE R, 52 MANNXBACBR L RN, 10 (LR X IR LI, Stk i SR I 1 &
FIRZEFEHITE 10%, U6 ORISR LE rhize 37 XK SR B B RS T2 o (HERAREE N T2 L2200
AR REER, XRFIRE LI A R BT 0 AR M FE U R B - I S a8 A RN . N
i, REGTMEWONTE =R Mk, 22 n0 /A STNNRE FE A B, 5 L i (] 5 ek 5 £ 2
B RAT F ARG R 2 -
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T T T T 250 T T T
1200 —&— Simulation results - —a— Simulation results
—o— The improved model results —o— T'he improved model results
—a— The Cole method results'®?! 200 | —a—"The Cole method resultsi® i
1000 —v— The Zamyshlyayev method results!®! - —v— The Zamyshlyayev method resultst™
—#— The Yu method resultst! i —&— The Yu method results™™
—— The Zhou method results?! \ 4 The Zhou method resulis®!
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2 2
= 600 | 4 0~
100 | .
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Fig.9 Variations of peak pressure with distance

K10 B7n 7 20 g TNT BRIBLEZ RO RE, (LR N 00015\ ms ™2 0.22 ms CLENEIER
3.5~30) I S 70 AR KA SRR B w3 AT e W 1O, R ag e A I ] DY R AR
RAERE. [FIN, BB g 2% 1 FTELRE, AN FALSEI IR 5 A5 . Bedt, £ 10 f54F
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R IS A N AR LR 1 R0 1) PSR (S D R B FE I, i -V T AL ) e S
F 48 RN SO BRI B IS 31815, =3 3L AR B g AR e R RE SO I8¢5 o i il B R S 4 i v s
IERRX R MR S VU BB, B BT RE AR EE B A SRIFEHL, RV K TR
PR AR A BB R . TR 10 25 A2 DXCIER G KA o s BT T 0, SR R4k
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Fig.10 The pressure field and the velocity distribution of water medium after the shock wave
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3.2 HE
KT HRAE R o s T I R AR ), R

1()=[ p(t)de (22)

Ao, BB — R EX 6.760.

B 5 T BT RN EE AR R . I 11 AT, 6 RRXEZG PR IXIRUAN, Skt
B FIEUE A BT 45 R Cole B AN, ZXZEFN Cole I A EHET K-B HIL I —Friffol,
ABCBE S - T 8 7 A 1 R0 B PR B, L2 T T3 i AR 2R M R U B I - S S R A R
BB, MAMER I, Cole AR AR EIRE Wi B K T BURP G I RUE FERFEE =6, A
MARGVESE M, TWAEE 1. MR KAERE L. sA, b E s 0w G2 5 i, 20 B 18 T 0
IR TT . IX 2 A 52 W AE T 7 FR [8) 32050 Bt Rl 5o, B T ) BE PR BRI MG, (L 7] 3
PR BB PR EE IS ARG, PR L RIE ARG T E Ak, 1S s R IR 1 A8 A AR X P 2%
6 FEIEZPEAR X LAAL, MESIEREBEZE THE, Cole 250/ 21 W A4S HRn & T B 07 E A
BRI R AE IR, M TCEAREE 6 2 20 &b, MIXHREZE M 1.23%H K E84.32%, Ut AN iR Z BT &
SRR PRI T IZ TG R, R Cole L2585 23 2 RIAELE Hhzt 37 475 47 7R K] Ik (1] 38 i 5 B AR A 50 5 B0)
RGP ZE, WA SCRERGET 5 NG 0 THE T, B 2220 K5 0Bl A 38 OR % T 58 s SRR,
fE o BEAAKRE, SO S EUE 7 A R AR N T 5%y VI R AT

= T T T T 5 T T T

—=— Simulation results j —=— Simulation resulls
—&— The improved model results —o— The improved model results
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Fig.11 Variations of impulse with distance
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WGE BN B0 0, 1E 10 FIEA RSN, RO RIEFER, 75 10 f5IEZ R abhe
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