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An improvement of the wall-pressure theory and numerical method
for shock waves in underwater explosion

LIU Xiaobo, LI Shuai, ZHANG Aman
(College of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, Heilongjiang, China)

Abstract: Underwater blast shock wave is an important load in the evaluation of the impact resistance of ships, and it is also
the key and basis for the fast prediction of the structure damage in underwater explosions. In the present study, a series of small
equivalent underwater explosion experiments were carried out in the explosion tank. By comparing the theoretical predicted
and experimental measured wall pressure characteristics, the applicability of the traditional Taylor formula in predicting the
wall pressure of the underwater explosion shock wave was explored. It is found that the deviation of the Taylor plate theory in
predicting the pulse width of the wall-pressure is mainly because the nonlinear variation of the shock wave velocity is not
considered. Given this, a fitting formula of the shock wave velocity for 0.11 m/kg"*<R/W"*<5.30 m/kg'?, where R is the
detonation distance and W is the charge weight, is given to improve the traditional Taylor theoretical formula. The corrected
theoretical values are in good agreement with the experimental values. For R/W'"*=0.11 m/kg'?, the pulse-width deviation of
the wall-pressure of the shock wave between the improved Taylor formula and the experimental result is reduced from 79.6%
to 26.6%, and the deviation of the impulse is reduced from 119.3% to 58.4%. For R/W"*=0.21 m/kg'®, the deviations of the
pulse-width and the impulse of wall-pressure are both less than 12%. Moreover, in the simulation of the wall-pressure change

at different distances by numerical method (e.g., finite element method), it is found that the numerical dissipation causes the
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plate to move in advance (before the arrival of the shock wave front), leading to a significant decrease in the peak of the wall-
pressure when dealing with the near-field and far-field underwater explosion problems. Therefore, a feasible numerical strategy
was proposed to eliminate the weakening effect caused by numerical dissipation. The improved numerical results are in great
agreement with the improved Taylor plate theory, and the deviation of the wall-pressure peak is less than 9%. The improved
theoretical formula and numerical method for the shock wave wall pressure can provide theoretical and technical supports for
the field of explosion protection of ships.

Keywords: underwater explosion; wall pressure; shock wave; Taylor plate theory
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Table 1 Comparison of the experimental and theoretical Taylor formula results of wall pressure

B PRI
T R D/mm Wig R-W")/(mkg"?) RIR,

Poa/MPa P exy/MP2 6,/%
1 Q235 3 9.9 0.11 2.0 3340.0 3460.0 3.6
2 Q235 3 9.9 0.21 4.0 960.0 1020.0 6.3
3 1 5.0 0.88 16.6 107.0 81.2 —24.1
4 A3 16 1.0 1.63 30.7 61.0 58.0 -4.9
5 Q235 20 13.0 1.86 35.1 57.4 48.1 -16.2
6 Q235 20 13.0 2.62 49.5 38.8 33.8 -12.9
7 Q235 20 13.0 2.79 52.6 36.4 323 -11.3
8 Q235 20 13.0 3.34 63.1 29.6 27.7 —6.4
9 Q235 20 13.0 372 70.2 26.3 26.2 0.4
10 Q235 20 13.0 4.16 78.4 232 22.9 -13
11 Q235 20 13.0 4.65 87.7 20.4 19.2 -59

x2 AEHEEKEPEIHESEE Taylor IR ARNERITEE

Table2 Comparison of the experimental and theoretical Taylor formula results of wall pressure pulse width and impulse

Jik5E i
TR R-WP)(mkg?) RIR,

by exp/ IS to.w/HS 6/% I,/(Pa-s) 1,/(Pa-s) /%
1 0.11 2.0 5.7 10.3 79.6 5585.9 12253.0 119.3
2 0.21 4.0 11.5 12.6 10.2 34024 42554 25.1
3 0.88 16.6 7.7 8.4 9.1 262.4 304.7 16.1
4 1.63 30.7 24.6 25.6 4.1 449.2 492.7 9.7
5 1.86 35.1 55.7 58.5 5.0 880.7 946.2 7.4
6 2.62 49.5 63.6 66.4 4.4 665.3 708.6 6.5
7 2.79 52.6 64.9 68.2 5.1 644.1 673.9 4.6
8 3.34 63.1 70.5 72.3 2.6 550.9 578.4 5.0
9 3.72 70.2 72.2 75.1 4.0 524.7 528.7 0.8
10 4.16 78.4 75.7 78.5 3.7 470.0 480.1 2.1
11 4.65 87.7 80.5 82.1 2.0 411.1 435.2 59
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Fig. 2 Schematic diagram of the experimental model setting

014202-4



5 42 & KNG, 45 KT R b bt R B R S0 B B ST ER ORI 5 F1

- = Experiment!'¥ 1.0F - = Experiment!'¥
3t "\ — Traditional Taylor formula . — Traditional Taylor formula
08t
< 2t < 0.6 .
¥ o .
S S !
< 2 04f
1 r 1
0.2 '
OF-- 0OF - =!
5 10 15 20 25 20 30 40 50
t/us t/us
(a) R/W"*=0.11 m/kg'? (b) R/W'3=0.21 m/kg'?
P 3 AT AR CoBE TR g I 4% e
Fig. 3 Comparison of the wall pressure history curves in the contact explosion
40
120 - - Experiment!” - = Experiment
100 — Traditional Taylor formula 30 B — Traditional Taylor formula
80
£
60
=
sS40t
20+
ol
-20 . . . . y . -10 . . .
0 10 20 30 40 50 60 70 0 50 100 150 200
t/us t/us
(a) R/W"3=0.88 m/kg'? (b) R/IW'3=2.79 m/kg'?

K4 ST T o0 BE TR IR 1L

Fig. 4 Comparison of wall pressure curves in the near-field explosion and far-field explosion
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Table 3 The shock wave velocities at different values of R/W!/3

R- W)/ (m-kg ™) RIR, c/(ms™) (R- W P)/(m-kg ") RIR, c/(m-s™) (R- W )/(m-kg ") RIR, c/(m-s™")
0.11 2.00 2835 0.32 6.00 1773 0.90 17.00 1563
0.12 2.25 2612 0.34 6.50 1745 0.95 18.00 1558
0.13 2.50 2471 0.37 7.00 1721 1.01 19.00 1553
0.15 2.75 2338 0.40 7.50 1700 1.06 20.00 1550
0.16 3.00 2244 0.42 8.00 1683 1.33 25.00 1536
0.17 3.25 2154 0.45 8.50 1667 1.59 30.00 1526
0.19 3.50 2098 0.48 9.00 1653 1.86 35.00 1520
0.20 3.75 2034 0.50 9.50 1641 2.12 40.00 1515
0.21 4.00 1984 0.53 10.00 1631 2.39 45.00 1511
0.23 4.25 1949 0.58 11.00 1612 2.65 50.00 1508
0.24 4.50 1913 0.64 12.00 1598 3.18 60.00 1503
0.25 4.75 1882 0.69 13.00 1586 3.71 70.00 1500
0.27 5.00 1856 0.74 14.00 1581 4.24 80.00 1498
0.28 5.25 1830 0.80 15.00 1574 4.77 90.00 1496
0.29 5.50 1810 0.85 16.00 1568 5.30 100.00 1494
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Fig. 5 Variation of the shock wave velocity in the underwater explosion with scaled explosion distance
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Fig. 6 Comparison of the wall pressure curves before and after the shock wave velocity correction
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Table 4 Comparisons of the pulse width and impulse of the wall pressure and their deviations

before and after the shock wave velocity correction

Jik %E g

(R‘ W’l/})/(m.kgfld)
/us USVTE 6/% by i/ MS 0,/% I/(Pa‘s) I/(Pas) 6/% I,/(Pa's) 0nl%

By exy exp

0.11 5.7 10.3 79.6 72 26.6 55859 12253.0 119.3 8850.4 58.4
0.21 11.5 12.6 10.2 10.9 2.7 3402.4 42554 25.1 36783 8.1
0.88 7.7 8.4 9.1 8.1 4.9 262.4 304.7 16.1 293.1 11.7
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Fig. 7 Schematic diagram of the effect of shock wave head dissipation on the target plate
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Fig. 8 The finite element model
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FEUEAE . vh BT b, A py oy A U SRR B il 0 BE RV AEL, py innp 2705 T IR T SR ARETIUS 14 10
A IERE TR AR, 6,01 N Posimt 3 Pon WIRZE, 6,0 N Pogims 3 Do B ZE, Wit R, 3 HEE S5 R AT AL, whify
WU S FE TS AR A B s 1) 2950 107" ms, S 1) 409 B 5 i 148 5 1T 3k 49.8 m/s. Fifi 3 HL 491 3k HE
RIWYS AWK, AR ok I e 300326 7 1 3o 2 0 T Tt 49.8 my/s [ 2 7.3 m/s, PRIIE R (2) HR Y pev(r) T3
U/, ok U RE R UG S B (B 00 25 (E R s /D, 5 Fl T ol ot BE P HILE (E B 25 LB B R/ 938 K
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WEAE b, WA 22 24/ T 9%; 7EBE R vhiE |, 24 R/W'*<1.33 m/kg'> BF, P Im 2%/ T 12%, 24 1.33
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Fig. 9 Influence of shock wave head dissipation on the wall pressure curve at R/W"*=0.42 m/kg'?
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Fig. 10 Influence of shock wave head dissipation on the wall pressure curve at R/W"* = 1.06 m/kg"?
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Fig. 11 Influence of shock wave head dissipation on the wall pressure curve at R/W"=1.59 m/kg"?
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Table 5 Influence of shock wave head dissipation on wall pressure peak
B PRI
RIR, R-W ") (mkg™)  v/(msT)
pb,m/MPa pb,siml/MPa 6p,b|/ % Pb,simz/ MPa 6p,52/ %
6 0.32 49.8 491.8 407.3 -17.1 5332 8.4
7 0.37 432 390.2 312.0 -18.6 4122 5.6
8 0.42 37.6 319.4 247.6 -23.1 324.7 1.7
9 0.48 33.7 267.7 202.2 —22.4 270.8 1.2
10 0.53 30.4 228.6 168.8 —24.0 229.6 0.4
11 0.58 27.4 198.1 143.5 -25.4 197.4 -0.4
12 0.64 25.0 174.8 130.5 -23.1 179.6 2.8
14 0.74 22.6 146.8 100.5 -259 142.4 -3.0
16 0.85 18.5 126.2 95.1 —24.6 128.3 1.7
18 0.95 155 110.5 82.7 -25.2 104.5 -5.4
20 1.06 142 98.1 69.7 -29.0 99.1 1.0
25 1.33 12.7 76.2 54.0 -29.1 76.0 -0.3
30 1.59 10.1 62.0 40.7 -34.4 58.6 =55
40 2.12 7.3 44.8 28.5 —36.4 41.4 -7.6
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Table 6 Influence of shock wave head dissipation on wall pressure impulse

i
RIR, (R-W")(mkg") vi(ms")

I /(kPa-s) L /(kPas) 81/% Ly /(kPas) 010l %

6 0.32 49.8 24.2 18.7 —22.7 22.7 —6.2

7 0.37 432 20.0 15.2 —24.0 19.2 —4.0

8 0.42 37.6 16.9 12.8 —243 16.2 -4.1

9 0.48 33.7 14.6 10.1 -30.8 13.7 —6.2
10 0.53 30.4 12.7 9.3 —26.8 12.1 -4.7
11 0.58 27.4 11.3 8.3 -26.5 11.0 2.7
12 0.64 25.0 10.1 7.2 —28.7 9.7 -3.4
14 0.74 22.6 8.7 5.7 —34.5 8.0 —-8.1
16 0.85 18.5 7.7 4.8 -37.7 6.9 -10.4
18 0.95 15.5 6.8 4.1 -39.7 6.0 -11.8
20 1.06 14.2 6.1 3.6 —41.0 5.4 -11.5
25 1.33 12.7 4.9 2.7 —44.9 4.0 —-18.4
30 1.59 10.1 4.1 2.0 —51.2 3.1 —24.4
40 2.12 7.3 3.1 1.4 —54.8 23 -25.8
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