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2.1 FRASREBEZRS
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Fig. 1 Sketch of the experimental device Fig. 2 Experimental layout

3 LWHERSHM
3.1 XWFITHE

6 S350 A P R T P R AT 500 42 L U T FCA 4. 6 MPa %510 5 B B oh s 24K
TR TSRS HU o, S ol B PS80 S0 1) 3 B0 okl JE LM o BEURTE o/
TR I s M= | 57 (el i PR 6 Ty X BB 1, 05— SOW KB M
1 oSSR T DA 5 0 PP RERAE B K TR T T AT 55 R 0 X 22/
T 506 TS 0 S B S P VAT B0 B R 500 8 025 R 4
FEM A R %



54 W B AR TNT J5 RS2 AY 2K T 8 ke S 06 T 50 45 B8 40 445

F1 KTREFITIREER

Table 1 Parallel experiment results of the underwater explosion

Experimental No. pw/ (MPa) 0/(us) M/ (kPa® « s) t,/(ms)
1 4.65 26.92 804 146.78
2 4.72 26.98 823 147.65
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Fig. 3 Shock wave pressure histories
3.3 EMRMEE
Bjarnholt'™ 3£ F Cole™ ™ 7K T HEKEHIS  $2 10 T A FROKBUK T B FERE i 1T A X

e. =K. Mf;ﬁ(z)dt (D
OwCwW J 0
- 1 ph 5/6 1/2 B 3
Ty < {[1 +4Ct,)(plm j } 1} (2)
e, =K (pe, +ep) 3

Krfrce, Ao PG (J/ke) s K. A L ob il D% BE M8 1E R G R RO B2 S A BE B (m) sw WA 3
i (kg) sp, FHKMEE (kg/m®) ARBFFTEL 1000 kg/m®5¢, FK AT (m/s), BU 1500 m/s; p () g
JUA ¢ B2 eh e B R T (Pa) s B B RR Cs) o T o s 8 R 7 Aol R i 4 o 0l 18 I L AR IF 9
B 51, 70, MU b 9 TR 3 [ B IEAE TR I 5% LA R e, A HCIAE (J/ke) s C K, 57K M 26 25 1 B
R EE LK =1, 13500/ pind s EARSZIG S0 T o AR 50 56 DU i 25 51, 45 & /b Rk i AR B C
=0.4147 s~ 5 py, HELEG I KA 5 225 M0 FK FE Z A1 (Pa) 5 py, AFRE RS (101 325 Pa) 525 245 b
IKIEZFI(Pa) e, KT EEIER S L RE & (J/ke) s K A 25 AR R 505 0 S vpas U BE P 2k R A,

MR E R, (DX~ ORI EBBK T EERE, ik 2 Pros, oW, AME b
BREA ML RE Y R TR R 1 N A& A ) op o 6 BE AN AL BB L UL I A7F 76 S5 A IR g . TRl i 1 B 3 O TNT
YEZG B T 74 % (0. 1 MPa) 25 A 5250 %8 B . Lo il DR BE e AL AE e, AL TNT #1245 /0 L op



146 = JiS L i 2% i %28 %
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Table 2 Underwater explosion energy

Filling gas Pressure/(MPa) e./(k]/g) ev/(k]/g) e./(k]/g)
Air 0.1 0.19 1. 54 1. 86
Air 0.6 0.22 2.24 2.66
Air 4.6 0. 56 5.09 6. 30
N, 0.6 0. 21 1. 81 2.17
N, 4.6 0.28 3.32 3.87
(OF 0.6 0. 30 3.27 3. 89
O, 4.6 0.68 7.23 8. 77
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MR ARCE I BT T s T o S 008 55 7 0 10 T8 2 R0 R T T T I L DA T i R R S P 2k L A RO
L4,

3 EHEMEEE

Table 3 Afterburning reaction energy

Filling gas Pressure/ (MPa) e,/ (kJ/2)  eimeor/(kJ/g) || Filling gas Pressure/ (MPa) e,/ (kJ/2)  €u e/ (k]/2)

Air 0.6 0.49 1. 49 O, 0.6 1.72 3.78

Air 4.6 2.43 5.54 O, 4.6 4.90 10. 40
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Fig. 4 Comparison of pressure and impulse histories from numerical simulation with experimental data



148 = JiS L i 2% Eitd %28 %

7 2 B RO AR AU 2R 5 SR A R A 0F L, Dbl e B e i B B A b BRI R SR 2
55 2 A9 W) 5 BEBAE R T Miller fE o R HORE Y 78 AL 0UI5 98 S 0 T ThD A9 T 454 3l a6 552 56 A
BB RIS SR 23 B AT, oo ot e 8 MO U S A IR 7 B 2 R o T S 2 A A T L R B
FRP I 18] B9 28 F0 BT 2L

6 & it

i KT R KE SR WSS T TN'T K 25 J5 49 5O A9 BE 4 i L SR Miller BB 42 BB R, 3158 T 4
2 5 RN K T bl PR D I RE I £ BT A AR 4548

(1) B A 52 06 2 e mT LAY A 8 5 K0 24 i 98 e 7 o 4R ) 1R KB 28 0 998 B g R 03T 3 ) Dl K 2
BT B HE M —E 2%

(2) J5 BA SR HE 5% 1 K 24 5 RE £t J5 49K R R ek S (L B A SR A B I T O A S 58 F 5
T B P SIS ) J AR 7 R ki KA R 4. 90 kI /g T A 3K B R B i ik 1) 308 e K AH 5

(3) BUE LA EE R 5 280 PO S A W) &, UL BT JH B9 Miller BE & B UL R 7R LU 25 i #8521 D7
T2 FTAT Y

References:

[1] Ornellas D L. Calorimetric determinations of the heat and products of detonation for explosives: October 1961 to
April 1982, UCRL-52821 [R]. Livermore, USA:Lawrence Livermore National Laboratory,1982.
[2] Cooper P W. Explosives Engineering [ M ]. New York, USA:Wiley-VCH,1996:132-133.
[3] Needham C E. Blast Waves [ M]. Heidelberg, Germany: Springer-Verlag,2010:303-312.
[4] Wolanski P,Gut Z,Trzcinski W A, et al. Visualization of turbulent combustion of TNT detonation products in a
steel vessel [J]. Shock Waves,2000,10(2) :127-136.
[5] Kuhl A L,Reichenbach H. Combustion effects in confined explosions [ J]. Proc Combust Inst,2009,32(2):2291-
2298.
[6] Kuhl A L,Bell J] B,Beckner V E,et al. Gasdynamic model of turbulent combustion in TNT explosions [ J]. Proc
Combust Inst,2011,33(2):2177-2185.
[7] Sun H,Guo Z J. Study on the application of high energy hexogen booster in undersea weapons [J]. Journal of the
Academy of Equipment Command and Technology.2010,21(3):111-113. (in Chinese)
N AR R E AR R B R A A K P R AR T R IS [, A IR R R 2 B 4. 2010, 21(3) 1 111-113.
[8] Kicinski W, Trzcinski W A. Calorimetry studies of explosion heat of non-ideal explosives [J]. ] Therm Anal Calo-
rimetry,2009,96(2) :623-630.
[9] Bjarnholt G, Holmberg R. Explosive expansion waves in underwater detonation [ C]//Proceedings of the Sixth
International Symposium on Detonation. San Diego, USA,1976:540-550.
[10] Cole R H. Underwater Explosions [ M. Princeton, USA : Princeton University Press,1948.
[11] Ding C X,Cui Y J. Determination of intrinsic constants of bubble energy with least square method: Accurate calcu-
lations of explosive energy measured underwater [J]. Explosive Materials,1994(3) :1-7. (in Chinese)
TR ENAE. JH o/ Z 3 vk R SO RE 09 B AR B3 BUK R MU KR 2 68 00 RS i 3T 5 [T . R AR A
1994(3) :1-7.
[12] Shi R,Xu G G,Liu D R,et al. Underwater test and analysis for explosion energy of explosives [J]. Chinese Journal
of Explosives & Propellants,2008,31(4) :1-5. (in Chinese)
sOBLARTEOE, RI PR S5 K 25 A Bt K i 5 4B [T, K KEZ AR 4R, 2008,31(4) 1 1-5.
[13] Sun]J S.,Zhu J S. Theory of Detonation Physics [ M. Beijing: National Defense Industry Press,1995:360-368. (in
Chinese)
PRI AR L. TR B (M. Jb st . [ B Toll ikt . 1995 :360-368.



54 W B AR TNT J5 RS2 AY 2K T 8 ke S 06 T 50 45 B8 40 449

[14] Lee E L,Horning H C,Kury ] W. Adiabatic expansion of high explosive detonation products, UCRL-50422 [R].
California, USA ; University of California, 1968.

[15] Miller P J. A reactive flow model with coupled reaction kinetics for detonation and combustion in non-ideal explo-
sives [J]. MRS Proc,1996,418:413-420.

[16] Xin C L,Xu G G,Liu K Z,et al. Application of Miller energy release model for aluminized explosive [ J]. Chinese
Journal of Energetic Materials,2008,16(4) :436-440. (in Chinese)
F 5L ARG XIRR L AL R AEZY Miller e BB AL N T [T, & GERE #2008, 16(4) :436-440.

Experimental Research and Numerical Simulation of Afterburning
Reaction of TNT Explosive by Underwater Explosion

CAO Wei,HE Zhong-Qi,CHEN Wang-Hua

(School of Chemical Engineering s Nanjing University of
Science and Technology s Nanjing 210094 ,China)

Abstract ; To explore the afterburning reaction of TNT explosive,the underwater explosion method and
an experimental device designed to enhance the afterburning reaction of explosives were used to inves-
tigate the energy output structure, and the afterburning reaction energy in different ambient atmos-
phere was calculated. The experimental data of afterburning reaction was simulated by using Miller
energy release model. The results show that the experimental device filled with oxygen or air can
increase the afterburning reaction energy output of TNT explosive significantly. The measured after-
burning reaction energy increases with the increase of the content of oxygen,and in the studied range,
the afterburning reaction energy reaches the maximum value of 4. 90 kJ /g, but does not reach the theo-
retically maximum value. The computed shock wave pressure histories agree with the measured ones
well, which indicates that the Miller energy release model is practicable.

Key words: afterburning reaction; TNT explosive; underwater explosion; numerical simulation; experimental

device
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