
MILITARY TECHNICAL COLLEG7 

CAIRO - EGYPT 
TP-20 209 

ENERGY RELATIONS FOR UNDERWATER EXPLOSIVE 
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ABSTRACT 

There are several approximate relations for the calculation of the strain 
energy of plastic deformation of an explosively formed part and the 
explosive energy received by the blank through the water as an energy 
transmitting medium. A new energy equation is derived by the author. The 

• equations are evaluated using the experimental data of previous investiga-
tions. The best relations are obtained for a specified range of the LID-
ratio (stand-off distance/die diameter). The limitations of the validity 
of the relations are indicated. 

INTRODUCTION AND OBJECTIVE 

Underwater explosive sheet metal forming is a non-conventional but simple, 
economic and powerful technology for the production of medium and big 
sized components out of sheet metals and plates. The principle of the 
process and examples of products are shown in Fig. 1 11121.  An explosive 
charge of a specified weight W is located at a certain distance L from the 
blank surface and at a certain depth H below the water surface. The water 
acts as a convenient energy transmitting medium and replaces the rigid 
punch in conventional press working techniques. Upon ignition, a high 
pressure shock wave propagates with a high velocity and strikes against 
the free part of the blank. The explosive energy E received by the blank 
is transformed first into kinetic energy and then into strain energy of 
plastic deformation U. In the ideal case U equals E. ForAthe calculation 
of the weight of the explosive charge, U is first calculated, considered 
equal to E and put in a relation with the charge weight of a certain 
explosive, the charge location and the die diameter D. There are several 
approximate relations for calculating U and E, 

The objective of the present paper is to evaluate the approximate relations 
for the calculation of the strain energy of plastic deformation U of the 
formed part and the explosive energy E received by the blank. The evalua-
tion is made by comparing U and E with the experimentally determined strain 
energy of plastic deformation Uexp. 
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APPROXIMATE RELATIONS 

The energy of plastic deformation U can be given by the relation 131 

tV re U = )0  jo  adedV 	(1) 

where a is the equivalent stress, e the equivalent strain and V the 
deformed volume. The strain hardening characteristic of many sheet metals 
can be described by the exponential relation 

= K En 	
(2) 

where K is the strength coefficient and n is the strain hardening coefici-
ent of the material. The hydraulic bulge test is a convenient method for 
the determination of K and n. Eqs. (1) and (2) can be solved in a first 
approximation assuming a constant yield stress (5 = a over the entire range 
of the degree of plastic deformation 6, and multYplying by a factor Al 0/A 
to compensate the negligence of the strain hardening 141. Following 
relation can be obtained 

E
I 
(A

1
/A) A

o
.s
o 
	(3) 

the initial surface areas of the bulged 
the initial thickness of the sheet metal. 
e
I is considered as 

D2  
where h and D are the height and the base diameter (die diameter) of a 
spherical dome. 

A better approximation for U can be obtained by substituting Eq. (2) in 
Eq. (1), solving the intergration and considering the degree of plastic 
deformation e

I as given by Eq. (4). The following relation can be obtained 

U = K el(n+1).A 0  .s 0/(n+1) 	(5) 

W. Johnson et al 151 carried out a detailed analysis of the deflected form 
of the blank and obtained following relations assuming that the deflected 
forms follow a paraboloidal shape 

U = K eII(n+1).2(n+1).A o .s o/(ne1)(ne2)(n+3) 

II 4ho2/D2 

Fig. 2 gives an example of the results of the calculations of the strain 
energy of plastic deformation U according to Eqs. (3), (5) and (6) using 
three types of sheet metal (mild steel, brass and aluminium) for the pro- 
duction of shells of different height-to-base diameter ratios h

o
/D, 

(D = 300 mm, so  = 2 mm). 

The explosive energy E received by the blank can be related to the charge 
weight W of a certain type of explosive, the charge location above the 
blank centre L and the die diameter D using different approximate relations, 
The first approximation is obtained by considering the explosive energy 
density Ed  to have a constant value over the die diameter. The value of 

U = 0
Y  

where A and A are the final and 
portion1of the°formed part, s is 
The degree of plastic deformation 

4h2, 
e = in (A

1
/A
o
) = ln 11 + (4) 

(6)  

(7)  
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at the blank centre is given by the empirical relation 

E
d 

= C W(G+1)/3/L
G 	

(8) 

where C and 6 are constants for the type of explosive 12,61. The explosive 
energy received by the blank becomes 

E = E
d
.A

o 
= C W(G+1)/3.(T02/4)/L

G 	
(9) 

A better approximation is obtained by Ezra 121 by taking into consideration 
the reduction of the value of E as one moves away from the blank centre in 
the radial direction and integrgting over the blank surface. The following 
relation was obtained 

E = 2 7 C W
(G+1)/3

.(1/L
G-2 	

- {1/✓1 + (Di2L)2}] 	(10) 

It was observed that the solution of Ezra does not include the effect of 
the transverse shock wave by an oblique incidence of the longitudinal wave 
at points of the blank surface apart from the blank centre. This effect 
is considered by the author and following relation is obtained which gives 
more reasonable values specially for smaller L/D-ratios 

E = 2 it C W
(G+1)/3

.(1/L
G-2

) 	In cos tan-I(Diad 	(11) 

Eqs. (8)-(11) are based on measurements of
ll 

 made with diaphram type 
gauges and are therefore supposed to contain the effect of both the inter-
action of the deforming diaphram with the impinging shock wave and the 
reloading phenomenon. 

Following relation 121 will also be included in the evaluation 

E = W.e.n1 . 2 (1 - cos (1)
1
) 	(12) 

where e is the specific energy of the explosive, (1)1  half the solid angle 

of energy transfer. ni  is given by the approximate empirical relations 

included by the die opening and ni  is a gross measure of the efficiency 

1/n1  = 4.23 - 3.7 (L/D) for L/D < 0.5 

( 13 ) 
1/n1  = 4.02 - 2.83(L/D) for 0.5 < La< 1.0 

Fig. 3 shows an example of the results of the calculations of the explosive 
energy E received by the blank according to Eqs. (9)-(12) using a spherical 
TNT charge of W = 50 g located at a variable distance L above the blank 
centre (D = 300 mm). 

EVALUATION OF THE APPROXIMATE RELATIONS 

Experimental data were obtained by Ezra 121 for a wide size range of domes 
made out of different materials and using different explosives. The 
experimental data were chosen such that the L/D-ratio = 0.17-0.2 where an 
accurate procedure is available for the determination of the strain energy 
of plastic deformation Uexp making use of the measured changes of the 
dimensions of the dome and the flange. 

The experimental data obtained by Ezra will be analyzed and used in the 
present work to evaluate the accuracy of the approximate relations Eqs. (3), 
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(5) and (6) for the calculation of the energy of plastic deformation U and 
Eqs. (9)-(12) for the calculation of the explosive energy E received by 
the blank. The accuracy of the mentioned relations is evaluated by com-
paring the results of the calculations with the experimentally determined 
energy of plastic deformation Uexp. The deviation from the ideal case 
when Uexp = U or Uexp = E and the correlation coefficient r give an 
indication of the accuracy of the approximate relations. 

Unfortunately, the experimental data obtained by Ezra don't include the 
value of the hydrostatic head H. However, the reasonable correlations 
obtained in Figs. 4 and 5 indicate that the hydrostatic head must have 
been in the range where the efficiency of energy transmission between the 
explosive charge and the blank is not affected by the hydrostatic head. 

W. Johnson et al 15,7,81 carried out experimental investigations for L/D-
ratios = 1 and 2. The hydrostatic head H was varied and a range of the 
H/L-ratio = 1.5-8 was covered. The results of Johnson et al will also be 
used to check the validity of Eqs. (9)-(12) for the calculation of the 
explosive energy received by the blank. Johnson et al determined the value 
of Uexp using a tedious but relatively accurate technique. The technique 
involves expressing the strain hardening characteristic of the sheet metal 
as obtained from the hydraulic bulge test in a suitable mathematical form, 
dividing the blank into a number of annular elements, measuring for each 
element the mean values of the principal strains and then calculating the 
mean equivalent strain, calculating the equivalent stress and the energy of 
plastic deformation for each element and finally summing to obtain the 
total energy of plastic deformation of the specific part Uexp. The results 
of Johnson et al will also be used in a similar way to evaluate the 
approximate relations when LID = 1.0. 

Fig. 4 shows the correlations between Uexp and U3, U5 and U6 calculated 
according to Eqs. (3), (5) and (6) respectively for L/D = 0.17 - 0.20. 
Linear regression calculations were used to get the best linear fitting of 
the points (Uexp = A + BU) and the corresponding correlation coefficient r. 
The values of A, B and r are given in Fig. 4. It is evident from the 
figure that the least deviation from the ideal relation (Uexp = U and 
r = 1.0) is achieved between Uexp and U6. This means that Eq. (6) derived 
by Johnson et al 151 gives the best estimation of the energy of plastic 
deformation. 

Fig. 5 shows the correlations between Uexp and the calculated values of the 
explosive energy received by the blank E9, E10, Ell and E12 using Eqs. (9}-
(12) for LID = 0.17-0.20. It is evident from the figure that the least 
deviation from the ideal relation Uexp = E is achieved between Uexp and Ell. 
This means that Eq. (11) derived by the author gives the best estimation of 
the useful explosive energy received by the blank. The results of Fig. 5 
are obtained when the explosive charge is located relatively close to the 
blank (L/D = 0.17-0.20). The reasonable correlations shown in Figs. 4 and 
5 indicate that the experiments obtained by Ezra 121 must have been in the 
range where the H/D-ratio has no effect on the efficiency of energy trans- 
mission. 

The analysis of the results of Johnson et al 15,7,81 for L/D = 1 and 
H/D = 1.5-8.0, Fig. 6, shows that none of Eqs. (9)-(12) gives a reasonable 
correlation between Uexp and E. If the h /D-ratio (polar deflection/die 
diameter) and the Uexp/Ell-ratio are ploted against the H/D-ratio, Fig. 7, 
it becomes evident that under the used conditions even the best equation 
Ell is not valid for the estimation of the explosive energy received by the 
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the blank. The fact that the h /D-ratio has a maximum value at H/D 1= 2.5 
cannot be explained in a satisfactory manner without further investiga-
tions. Either a correction of Eq. (11) must be achieved to consider the 
effect of the hydrostatic head or the range of the hydrostatic head in 
which Eq. (11) is valid must be determined in a more reliable way than 
that given in literature 12,61. 

CONCLUSIONS 

1) The best estimation of the strain energy of plastic deformation was 
obtained by Eq. (6) derived by Johnson et al 151 for' L/D-ratios of the 
order of L/D = 0.2. 

2) The best estimation of the explosive energy received by the blank was 
obtained by Eq. (11) derived by the author for L/D-ratios of the order 
of L/D = 0.2. 

3) None of the investigated energy relations gives reasonable results when 
the H/D-ratio affects the efficiency of energy transmission at higher 
L/D-ratios. Further investigations are required to clear the effect of 
the hydrostatic head on the efficiency of energy transmission between 
the explosive charge and the blank. 
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Die diameter 

F Blank holding Force 

H Hydrostatic head 
h e  Polar deflectin 

L Stand-off distance 
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W Weight of expl. charge 
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Fig. 1. Principle of the underwater expLosiAie forming and example of 
products 111. 
a- Hemispherical shells 1140 0 mm St 37, 5 mm thick. 
b- Upper parts of a tank 1220 x 1000 x 200 mm, Al, St and Cr-Ni-St 3 mm 

thick. 
c- Spherical housing 720 mm max. diam. from a pipe 460 0 mm, St. 36, 

25 mm thick. 
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Fig. 2. Strain energy of plastic deformation U calculated according to 
Eqs. (3), (5) and (6) using different sheet metals for the production of 
shells with height-to-base diameter ratio ho/D. (D=300 mm, so  = 2 mm). 
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Fig. 3. Explosive energy E received by the blank calculated according to 
Eqs. (9), (10), (11) and (12) using a spherical charge of 50 g TNT located 
at a variable distance L above the blank center. The die diameter D=300 mm. 
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Fig. 5. Correlations between the experimentally determined energy of 
plastic deformation Uexp 121 and the calculated explosive energy received 
by the blank E9-E12 calculated according to Eqs. (9)-(12) for a wide range 
of explosively formed shells. The best correlation is achieved between 
Uexp and Ell. 



-20 219 

60 
Uexp 

40 

r•-• 2  20 

10 
8 

6 

4 

2 

1 

**4 

•/ 

e*A• Je 
' •*'• 

a k 0 • Eq.( 9 ) 
• Eq.( 7 0 ) 
* 	Eq.(17 ) 
o 	Eq. ( 12 ) 
L/D = 7.0 
H/D = 1.5-8 

1 

Fig. 6. Plots of Uexp 
None of the relations 
and E. 

2 	4 	6 8 10 E 20 
(113 tV m) 

15,7,8! against E9-E12 for L/D = 1.0 and H/D=1.5-8. 
(9)-(12) gives a reasonable correlation between Uexp 

40 60 

2— 

1 

0-0 
1 

.1/111  t 1 

/ / 
1 
/ 

/ 
1 

1 

I 
t 
% 

% 
 llk 

\ , 
► \ 

ho/D 

D = 

Uexp/E17 

= f (H/D) 

750 mm , 

= f(H/D) 

o 
• 
A 
♦ 

W = 9.5 

L/D =1 
L/D= 
LID:: 
L/D= 2 

g 

2 
---- 

1 	/I  

d ■  
i A 

• \\ . ‘ • 
A 

4---- 

A 

0 

.. Aiic. • )0 A  0 
0 

2 
	

3 
	

4 
	

5 	6 	7 H/D 8 

70— 

9 

cj 

6-0.4 

5— 

4 — - 

3-0.2 
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