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Abstract

Limited initiation energy or external stimulation may cause incomplete detonation in a warhead. At present,
there is no quantitative method to characterize the energy release of a warhead charge for incomplete
detonation such as explosion and deflagration. We propose a method based on average fragment quality to
characterize the energy released by a warhead charge. The theoretical study shows that the average fragment
quality after warhead initiation is inversely proportional to the initial fragment velocity. The relationship
between the average fragment quality and explosive energy release is established and verified by experiment.
This relation can be used to determine the charge energy released after warhead initiation. It provides a
theoretical basis for optimizing efficiency of charge energy use in high-energy conventional damage
technology and warhead design, and provides a quantitative method for evaluating insensitive ammunition.
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1 INTRODUCTION

Limited initiation energy or external stimulation may cause incomplete detonation in a warhead charge.
Complete warhead detonation has been fully studied (Mott and Linfoot, 1943; Mott, 1947; Grisaro and Dancygier,
2016; Held, 1990), but less study has been done on quantitatively characterizing charge energy release for
incomplete detonation such as explosion and deflagration. This makes it difficult to evaluate warhead charge
initiation and detonation ability. This is especially true for the insensitive ammunition developed in recent years,
for which the reaction degree such as deflagration and explosion can only be evaluated qualitatively, not
guantitatively.

Smirnov et al. (2016) demonstrated the relation between the local curvature of the detonation front and the
detonation velocity, and derived the equation of the detonation front shape to describe non-ideal detonation of
condensed high explosives. Shikha Gupta et al. (2015) used linear discriminant analysis and k-means clustering to
discriminate between ideal, non-ideal, and non-explosive. Song et al. (2011) obtained the pressure—volume relation
for non-ideal detonation by modifying the equation of state under the C—J model, and discussed the energy use of
non-ideal detonation expansion under different energy release rates and energy release indexes. However, their
paper only does a theoretical analysis and obtains a qualitative description whose results cannot be applied to an
actual test.

Gurney (1943) studied the fragment motion caused by explosive detonation and obtained the energy use of an
explosive by calculating the fragment velocity. Although the fragment velocity reflects the ability of the explosive to drive
the object to some extent, the fragment velocity is assumed from the plane structure. This method does not consider
the different fragment velocity of warhead formation. Therefore, a single velocity measurement cannot well determine
the detonation energy in an actual test.

In this study, the initial velocity vo is used to establish the relationship between the average quality m,, of fragments
formed after warhead initiation and the explosive energy release E. This yields a quantitative method to evaluate the
explosive energy release after warhead initiation using the average quality of natural fragments.

2 Theoretical analysis

Zhu et al. (2019) showed that:

m, = k*péasz (1)

where my, is the average fragment quality; k* is the proportionality coefficient of the fragment mass; p is the shell
density; & is the average fragment thickness; ay is the fragment width, which reflects the axial position of the shell; and
by is the fragment length. In addition,
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where I' is the fracture energy of the shell at the unit area, ro and Ro are the initial inner and outer radii of the shell, vo is
the velocity of each cylindrical microelement, u is the velocity with which each crack extends, g, is the fracture strength,
F(x) is the correction function, and A denotes a constant.

According to equations (1)—(4), the average fragment quality m,, is inversely proportional to vo, which can be
obtained from the Gurney equation (Gurney, 1943),
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1
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where C is the explosive mass, M is the shell mass, E is the energy released by the explosive, and V2E is the Gurney
constant of the explosive. According to Huang and Zu (2014),

J2E = 0.338D, (6)

where D, is the detonation wave velocity. Thus,
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More precisely,
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According to equation (6), equation (8) can be written as

mu k
= b 9
PR @Jr (9)
73]

3 Determination of the calculation formula

To use equation (9), it is necessary to determine the values of k and b. Given a warhead structure, the values of m,,
and D, after complete detonation are calculated and then k and b can be obtained from linear fitting.

Steel 1045 with a wall thickness of 7 mm is selected for the warhead shell, and the shell density p is 7.85 g/cm?3. The
charge size is 70 mm x 70 mm, and the charge type is TNT. When the charge size is kept unchanged and the charge
density is changed, as shown in Table 1, the detonation velocity changes with the charge density according to (Dobratz
and Crawford, 1985)

D, = A+ Bp, (10)

where p, is the charge density, and A and B are related to the type of explosive. When the explosive is TNT, p, € 0.57—
1.66 g/cm3, A=1.844 km/s, and B=3.204 km/s(cm3/g).

If the charge is a mixed explosive, the detonation velocity can also be calculated according to (Dobratz and Crawford,
1985)
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where D, is the detonation velocity when the charge density is p,, D, _ is the theoretical detonation velocity of a

mixed explosive, and p,  is the theoretical density of a mixed explosive.

The software Damage Assessment Software, independently developed by ZNDY of Minimal Key Laboratory
(Zhu et al., 2019; Zhu et al., 2018), is used to calculate average fragment quality greater than 1 g when explosives with
different charge densities are completely detonated. The software uses a micro-cylinder model of a warhead to analyze
shell fragmentation at different axial positions when one end is initiated. The existing theory is used to establish a
simplified model of the average mass of fragments formed at different axial positions of the shell. The calculated
parameters are shown in Table 1.

Table 1: Charging schemes and calculated parameters.

— 1/2
M 1
P (gfem’) D, (km/s) m, (e) [6 " 5]
1.66 7.1626 2.86 1.598
1.64 7.0986 2.89 1.606
1.60 6.9704 2.91 1.622
1.50 6.6500 3.15 1.665
1.40 6.3296 3.29 1.713
1.20 5.6888 3.74 1.828
1.00 5.0480 4.26 1.977

o 12
Figure 1 is the plot of the relationship between my// || — + 1} and % according to the data in Table 1.
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Figure 1: Relationship between average fragment quality and released energy of TNT.

The following equation is obtained by linear fitting in Figure 1:

muM - 2.17271 + 0.89796 (12)
M 1)/ 0.338D,
7+7
c 2

The coefficient of determination R?=0.98218.
Substituting equation (6) into equation (12) yields
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The above method is used to calculate the values of k and b in equation (9) for different charge types, and the results
are shown in Table 2. It is seen from Table 2 that k and b are related to the type of explosive.

Table 2: k and b values of different charge types.

. A (km/s) B km/s(cm3/g)
Types of explosives k b
(Dobratz and Crawford, 1985) (Dobratz and Crawford, 1985)
TNT 1.844 3.204 2.17271 0.89796
RDX 2.395 2.589 1.43455 0.92177
RDX/TNT (60/40) 2.805 3.002 3.15857 0.48902

4 Validation of the proposed formula

To verify the applicability of equation (13), a recovery experiment was designed for a static explosion in a well using
8701 explosive. Warhead fragments with different densities were recovered, and the average fragment quality m,, was
obtained when the warhead was completely detonated. An ion probe (Zheng et al.,1990) was used to measure the
detonation velocities of fragments with different densities. Then we obtained the relationship between the average
fragment quality m,, and the released energy of 8701 explosive.

4.1 Recovery experiment for a static explosion in a well

The research objects were steel 1045 and 8701 high explosive. The steel 1045 cylinder shell had a density of
7.83 g/cm3. The shell thickness was 7 mm, and the mass was about 816.3 g. The size of the 8701 high explosive was kept
at ®70 mmx61 mm while the charge density was changed. Four different charge densities were selected, as shown in
Table 3. The detonation point was at the center of one end of the warhead where, to fix and locate the detonator, a
cover was placed around and over the end cover on the detonation end. To complete detonation of the 8701 high
explosive, desensitized RDX with a size of 20 mmx20 mm was used as the booster explosive. Figure 2 shows each part
of the warhead and the assembled warhead.

Combination

—

Figure 2: Warhead structure for the recovery experiment for a static explosion in a well

Table 3: Schemes of the recovery experiment for a static explosion in a well.

No. #1 #2 #3 #4
pe (8/cm?) 1.09 1.30 1.54 1.67

The length and internal diameter of the well were 10 m and 8 m. The warhead was placed in the middle of the air
chamber. To prevent the water in the well from entering the air chamber before the warhead exploded, a plastic
waterproof sleeve was added outside the air chamber. The air chamber was placed in the middle of the well, as shown
in Figure 3. A0.1 mmx0.1 mm multilayer nylon mesh was used to recover fragments. After the experiment, the fragments
were removed from the air chamber and dried. The fragments were weighed with a balance with an accuracy of 0.01 g.
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Figure 3: Schematic of the recovery experiment for a static epr05|on in a well.

Yiming Li et al.

After the recovered fragments were weighed and counted, the average fragment qualities greater than 1 g were
obtained. The fragments recovered from the experiment are shown in Figure 4. The statistical experimental results are
shown in Table 4. If M (g) is defined as the shell quality, Mo (g) as the total quality of fragments recovered, and y as the
fragment recovery rate, then y = My/M X 100%. If N is the total number of fragments with mass greater than 1 g, M

(g) the total mass of fragments with mass greater than 1 g, and m,, (g) the average fragment quality greater than 1 g,
then iy, = M; /N X 100%.

:-q.-'

(b) Recovered fragmems of #2
2-3g 3-49
‘ .- ‘ L 4

‘ L
41 =

(d) Recovered fragments of #4

Figure 4: Fragments recovered from a static explosion in a well.
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Table 4: Statistical results from the recovery experiment for a static explosion in well.
No. M (g) Mo (g) v/% N M; (g) my (g)
#1 816.3 743.84 91.12 128 655.14 5.1183
#2 818.6 767.09 93.71 198 640.64 3.2356
#3 815.9 727.12 89.12 231 524.05 2.2686
#4 816.7 749.05 91.72 247 552.44 2.2366

The software Damage Assessment Software was used to model the warhead used in the recovery experiment for
the static explosion in the well. We calculated the average of all fragment qualities (m,,) greater than 1 g produced by
8701 explosive in complete detonation under the different charge densities. The calculation results are shown in Table
5. The error between the experimental and calculated values is less than 10%, which shows that the software is reliable
in calculating the average fragment quality my,.

Table 5: Experimental and calculated values of the average of all fragment qualities (im),) greater than 1 g.

Pe (g/cm3) Experimental value (g) Calculated value (g) Error /%
1.09 5.1183 4.6775 8.61
1.30 3.2356 3.4588 6.90
1.54 2.2686 2.4828 9.44
1.67 2.2366 2.4586 9.92

4.2 Detonation velocity experiment

A TSN632M 32-channel detonation velocity meter was used for the detonation velocity experiment. The densities
of the 8701 explosives were 1.09 g/cm?3, 1.30 g/cm?3, 1.54 g/cm3, and 1.67 g/cm?3, and the sizes were all ® 30 mm x
270 mm with cylindrical charges. The size of the explosive expansion column was ©® 20 mm x 20 mm, and a JH-14 charge
with a #8 detonator hole was at one end. A #8 electric detonator was used to detonate at that end. The schematic of the
experimental device is shown in Figure 5.

/ Steel tube 8701
Detonator — §§§§§ ;222§§§§>
- <S§
Explosive —
expansion
column

X N
/ \ Sketch map
Ton probe

Explosive device ‘
Physical picture [

|
Ton probe —— J -
S ~
< >
N VN - X
\ / ~— Signal wire
L 2]

Figure 5: Schematic of the device for the detonation velocity experiment.
An ion probe was used to measure the detonation velocities of 8701 explosive with different charge densities, as

shown in Table 6. The detonation velocity can also be calculated according to equation (11), where Demqx=8425 m/s and

Pemax=1.69 g/cm3. The error between the experimental and calculated values is less than 5%, which indicates the
reliability of equation (11).

Table 6: Detonation velocities of 8701 explosive with different charge densities.

No. pe (g/cm3) Experimental value (km/s) Calculated value (km/s) Error /%
#5 1.09 5.94265 6.18165 4.02
#6 1.30 6.79663 6.96683 2.50
#7 1.54 7.55984 7.86416 4.03
#8 1.67 8.11254 8.35022 2.93
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Figure 6: Relationship between the average fragment quality and the released energy of 8701 explosive.

Linear fitting of the experimental data in Fig. 6 yields

mu _ 10.15824

= -2.46798 (14)
[M 1]/ 0.338D,

+
c 2

The coefficient of determination R?=0.93545. Rearranging gives equation (14), we get

_ 12
mar = [—10'15824 -2.46798][% + 1} (15)
N2FE ¢ 2
Fitting the calculated data in Fig. 6 yields
mur = 7.7857 _1.39977 (16)
M1 /2 0.338D,
c 2
or
_ 1/2
mu = [7'7857-1.32977][% + 1] (17)
N2E ¢ 2

The coefficient of determination R?=0.95876.
The error between the experimental and calculated values of k and b may be due to the average fragment quality
calculated by the software and the detonation velocity calculated from the formula.

In conclusion, the relationship between the average fragment quality m,, and the energy E released by an explosive
is
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— k Mo 1)?
mmMm = [E+b][g+§] (18)

where k and b are constants related to the type of explosive.
The method of using the average fragment quality m,, to evaluate the released energy E of a warhead after
initiation is as follows:

(1) Measure or calculate the detonation velocity D, (km/s) of explosives with different densities. An ion probe can be
used to measure D,, and equation (10) or (11) can be used to calculate D,.

(2) Calculate the shell mass M (g).
(3) Using the charge density p, in step (1), calculate the charge mass C (g).

(4) Calculate the average quality m,, of fragments produced by complete detonation of explosives with different
charge densities using a recovery experiment for a static explosion in a well or appropriate software.

o 12
(5) Calculate mM/ [Ac{ n ;]

(6) Use the result of step (1) to calculate 1 (s/km).
0.338D

€

(g) using the results obtained in steps (2)— (4).

, fit a linear

M 1 2
- + —
0.338D

(7) Use the results of steps (5) and (6) to plot the relationship between EM/ ot

equation, and obtain relationships similar to equations (14) and (18).

5 Conclusions

We derived the relationship between the average quality m,, of fragments formed after warhead initiation and the
energy E released by an explosive. The Gurney formula was used to establish this relationship through the initial fragment
velocity vo. The equation of this relationship is:

e )

The coefficients k and b in the relation can be obtained by corresponding calculation or by experiment. These
coefficients were found to be related to the type of explosive. The equation can be used to study the conversion of
detonation damage energy under different explosive properties and different densities of the same explosive. It provides
a theoretical basis for optimizing efficiency of charge energy use in high-energy conventional damage technology and
warhead design, and provides a quantitative method for evaluating insensitive ammunition.
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