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Abstract

Based on the basic theory of internal ballistics and detonation physics, this paper studies
the detonation characteristics when nitrocellulose is exploded in nail guns. The energy
source and energy conversion form of the impact force produced by explosion are
determined in theory, and an example is provided for calculating the parameters of
gunpowder of unusual types. Through the establishment of an impact test platform, the
muzzle velocity of the piston rod under the impact of different mass explosives is
determined by a high-speed camera. The explosive force of gunpowder is then calculated
by theory. Finally, the ballistic efficiency is obtained in the 100-mm acceleration segment.
As demonstrated by the results, the ballistic efficiency of gunpowder with different
masses in the same acceleration segment is 25.9%, and the kinetic energy transformed
by nitrocellulose of any mass can be calculated by this value.
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1. Introduction

Gunpowder is a kind of anakinetomere and can release a significant amount of gas product and heat
energy after combustion. Nitrocellulose is a common gunpowder, and its explosion can produce a
huge impact force; thus, nitrocellulose has been increasingly more widely applied in the civil field.
The nail gun achieves its purpose of tightening via the huge impact force produced by the explosion
of nitrocellulose. However, due to the large amount of energy of gunpowder, there are still many
difficulties in adjusting the relationship between the quality and power of gunpowder. In interior
ballistics, there are two processes of gunpowder explosion: detonation and the impact of the
propellant. At present, most of the research on interior ballistics is developed from classical interior
ballistics and detonation physics. Many researchers have found that mathematical and physical
models of interior trajectory based on classical interior ballistics cannot describe the complex
phenomena in the explosion process. Therefore, scholars have researched the combustion
characteristics of gunpowder [1, 2], the spread of detonation waves [3, 4], the influence of the particle
state on the explosion [5, 6], and other aspects based on classical internal ballistics. The studies have
utilized many research methods; for example, Matus [7] studied the spreading of a variety of types of
simulation explosive waves via methods such as a pressure-time function, compression balloon,
mapping algorithm, and solid TNT by LS-dyna simulation. Ma [8] modified the classical internal
ballistics equation and put forward a modified equation of breech pressure that considered the
influence of changes in the specific heat ratio and constant-volume specific heat of the air resistance,
combustion velocity, and gunpowder gas. Andreevskikh [9] studied the combustion evolution and
mode conversion of these kinds of gunpowder in slits, and obtained the rates and critical conversion
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pressures of several common explosives under two combustion modes via analysis. Although many
scholars have studied interior ballistic problems from various aspects, little research has been
conducted in the civil field. Combined with the engineering application of the nail gun, this paper
explores the relationship between the mass of nitrocellulose and the kinetic energy transformation of
gunpowder to provide a basis for the kinetic energy control of nail guns.

2. Theoretical Models

To improve research efficiency, many scholars have simplified the research process by simulation
[10-12], but as is evident from these studies, the current simulation technology is not sufficiently
mature. Because of the complexity of the explosion process, it is necessary to establish theoretical
models for different situations.

In the present research, the nail gun is transformed into a civil fastening device based on the gun. Its
working principle is illustrated in Fig. 1. All of its work is carried out in ballistics. To study the
relationship between gunpowder mass and piston rod Kinetic energy, the establishment of a relatively
systematic theoretical calculation model is required.

F W

Impact hammer< Gunpowder Piston rod Cylinder

Fig.1.Working principle diagram of the nail gun.

In the field of interior ballistics research, researchers believe that the process of gas driving an object
to move is actually a process of the energy released by gunpowder transforming to other forms of
energy after combustion. Based on the law of conservation of energy, scholars propose the basic
equation of interior ballistics as follows [14]:

sp(l, +1,)= fa)z//—g(pmv2 (1)
where
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As shown in the research by Cook [13], the covolume o is a function of density. For most percussion
powder and high explosives with a density greater than 1 g/cm?,

a=exp(-0.4p). (5)
In gunpowder science, f =RT, is the gunpowder impetus [15] in units of J/g, and is the power

capability of gunpowder per unit mass. Therefore, the power capability of gunpowder with a certain
quality can be expressed as:

f,=0f =oRT,, (6)
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where % is the total energy released by gunpowder combustion, %mv2 is the various work by

Sp(l, +I
gunpowder gas expansion, and % Is the state potential energy of gunpowder gas, i.e., the

heat energy stored in the gas. In %mv2 , 90% of the energy is converted into the kinetic energy of the

accelerated object as the main work, while the other 10% is the second work. If the second work is
ignored, and if only the main work %mv2 is considered, its conversion efficiency can be expressed

as:

1
= mv?

_2
SRR

0
In interior ballistics, 7 is called the ballistic efficiency [14]. Combined with the above research

findings, it can be determined that the process of gas work is actually the process of heat energy
conversion. Therefore, y can also be expressed as:

(7

Ty . ®)

As can be discerned from the above equation, when the exact value of y of a certain kind of gunpowder
is known, the relationship between the mass and kinetic energy of the powder in a certain acceleration
section can be obtained by calculation. In practical engineering applications, the acceleration ability
of a certain mass of gunpowder can be directly obtained by this function.

If the gunpowder impetus of nitrocellulose is to be determined, the explosion temperature of the
nitrocellulose must first be obtained. The explosion temperature can be calculated by the Custer
method [13]:

Q, =>.nc,t ©)
c, =a+pt (10)
The detonation temperature can be calculated by the following equation:

_Znim\/(zzzr:li:; +4.nbQ, (1)

where the values of o and § can be obtained from Custer's average molecular heat capacity formula
as follows:

Diatomic gas: ¢, = 20.08+1.883x10°t

T, =298+

Vapor: ¢, =16.74+8.996x107°t
Triatomic gas: ¢, = 40+ 2.427x107°t
Tetratomic gas: ¢, = 41.84+1.883x10™t
Pentatonic gas: c, =50.21+1.883x107t
Carbon: ¢, =25.1
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The maximum detonation heat can be calculated by the maximum exothermic principle [13], and it
can then be used as the actual detonation heat via multiplication by the true coefficient. For the pure
explosive CaHoOcNg, the detonation heat can be obtained by the following equation:

If A >100%,

Q, =K(393.2a+120.3p) (12)
If A <100%,

Q, =K (196.6c+21.9b) (13)

K =0.37(100A)"* (14)

C
A=—— (15)
b
2a+ A

3. Experiment and Calculation

3.1 Experimental Material

Nitrocellulose is a kind of gunpowder generated by the nitration of nitric acid. Due to the difference
between their nitrogen contents, there is also a large difference in their power. At present, there are
many methods for the measurement of the nitrogen content of nitrocellulose [15, 16]. This study
carried out experiments on some kinds of civil nitrocellulose. The analysis was carried out by an
elemental analyzer, and the contents of C, H, O, and N elements were determined and are presented
in Table 1.

Tab.1.Elemental contents of certain types of nitrocellulose.
Element C H @) N
Content(%) 26.5 5.3 56.6 11.6

The molecular formula of gunpowder can be expressed as CaHpOcNg. The oxygen balance of the
gunpowder combustion reaction can be determined by the following formula: ¢ - (2a + b/2). If ¢ - (2a
+ b/2) >0 o0r =0, it reflects a positive oxygen balance and a zero oxygen balance, respectively, and it
is not necessary for the oxygen to be obtained from the outside during combustion. If the value is less
than 0, the oxygen element needs to be obtained from outside. When the value is less than 0, the
oxygen balance is negative, and oxygen is required to be obtained from the outside if the gunpowder
is to burn completely.

The chemical formula of nitrocellulose can be expressed as CeH14.4096N2 3, and its relative molecular
mass is Mu = 272.2. Therefore, the combustion of the gunpowder has a negative oxygen balance. For
the gunpowder with a negative oxygen equilibrium, according to the maximum exothermic principle,
i.e., all oxygen elements are prioritized for the generation of H2O, the remaining oxygen elements
generate CO», and the excess carbon is converted into solid carbon. The equilibrium equation of
combustion can be expressed as:

C,H,,,O44N,, -»1.2CO, T+7.2H,0 T +1.15N, T +4.8C . (16)

From equations (9-15), it can be determined that the detonation heat of nitrocellulose Qy =2092.6 J/g,
and the detonation temperature Tp = 3965.1 K. The gunpowder impetus of nitrocellulose can therefore
be obtained: f = 1345.6 J/g.

The relative molecular mass of the gas is:
_272.2-4.8x12

M
: 9.55

=24.5¢g/mol .
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For the experiment, 10 groups of nitrocellulose were selected. The initial charge density was 1.35
g/cm3, the piston rod mass was 30.9 g, the material was 60SizMn, the ballistic diameter was 6.5 mm,
and the acceleration range was 100 mm.

3.2 Experimental Scheme

The experimental device is shown in Fig. 2. It includes a percussion device, a worktable, a high-speed
camera, and a computer. The principle of the percussion device causes the gunpowder explosion via
impact; it contains the percussion device and the chamber section for the work of the gunpowder
explosion. The high-speed camera can catch the motion of the piston rod at 500 frames per second.
After catching, the images are directly stored in the computer. Finally, the motion speed of the piston
rod can be obtained by handling the captured pictures.

Nail gun” Work platform— [High speed cameral computer

(@) Schematic diagram

"

(b) Photo of the real object
Fig.2.The experimental setup.

3.3 Result and Discussion

The impact work effect of nitrocellulose with different masses on the piston rod was obtained by the
experiment, as shown in Figs. 3-5. Only 3 groups of mass experimental images are presented.

Fig.3.Experimental rendering of 0.1831 g gunpowder.
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Fig.4.Experimental rendering of 0.2968 g gunpowder.

Fig.5.Experimental rendering of 0.4073 g gunpowder.

In the images, the standard is a preset standard part with a length of 300 mm. The scale of the image
is determined to be 1:1.6 by image processing, which means that one pixel represents the actual
distance of 1.6 mm. The numbers in the images represent the displacement distances of the piston rod
in the images. For example, in Fig. 3, 58 pixels are displaced in the first frame, and 156 pixels are
displaced in the second frame. Therefore, after calculation with its average speed of 78.4 m/s, the
movement distance of the piston rod within the time interval of 0.002 s is determined to be 156.8 mm.
Combined with Eq. (4), the kinetic energy of the piston rod and the total energy and ballistic
efficiency 7 of nitrocellulose can be determined, as presented in Table 2.

Tab.2.Experimental results.

MNO. 1 2 3 4 5 6 7 8 9 10

Mass(g) 0.1831 0.2071 0.2356 0.2408 0.2968 0.31845 0.3434 0.3666 0.4073 0.43696

1
— mV2 (J ) 94.66 100.17 128.37 130.35 161.48 176.97 186.34 207.22 233.74 252.31

2

fow
—(J) 38497 43543 49535 50629 62403  669.55 722 77078 85636  918.72

0

}/(%) 24.59 23 25.91 25.75 25.88 26.43 25.81 26.88 27.29 27.46

As can be seen from Fig. 6, within the same range, the ballistic efficiency always fluctuates up and
down under a scope. After calculating its arithmetic average, the y-value of the straight line shown in

the figure is obtained as y, = 25. 9%.

Combined with Eq. (4), the relationship between the mass and energy of nitrocellulose can be
obtained by the ya-value, as shown in Fig. 7. In engineering applications, if the power is expressed by
the acceleration ability of an object, in this range, the kinetic energy or the power of nitrocellulose of
a specific mass can be calculated by substituting ya into Eq. (4). This research can guide the design
of different specifications of nail projectiles suitable for different occasions (different types of nail
projectiles with different masses of gunpowder), and can provide assistance for the design and
production of nail guns.
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Fig.6.The relationship between different masses and ballistic efficiencies of nitrocellulose.
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Fig.7.The relationship between different masses and kinetic energies of nitrocellulose.

4. Conclusion

In this paper, the chemical formula of nitrocellulose in this model was first determined by elemental
analysis, and its performance parameters, including detonation heat, detonation temperature, and
explosive force, were then determined by theoretical calculation. Finally, the ballistic efficiencies of
nitrocellulose of different qualities were obtained via experimentation and calculation. The
conclusions can be drawn as follows.

For the same type of gunpowder, there is little difference in the ballistic efficiency of gunpowder with
different masses in the same acceleration segment. Additionally, the ballistic efficiency of

nitrocellulose with different masses is approximately equal to 25.9% under the experimental
conditions of a ballistic diameter of 6.5 mm and an acceleration range of 100 mm.
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Nomenclature

S the cross-section area of gunpowder
p the gas intensity of pressure
lo the initial gunpowder length
I, the increment of the route
A the loading density of gunpowder
Pp the density of the solid phase

the burned percentage (the value of 1 is used under normal
conditions)

the ratio of the second work to major work

the covolume
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the density of gas
the gunpowder impetus
the detonation temperature
the average of ballistic efficiency
the mass of gunpowder

the universal gas constant

the perfect gas constant
(about8.3144140.00026J/(mol K))

the relative molecular mass of the detonation gas
the ballistic efficiency
The real-time temperature

the sum of the average molecular thermal volumes of explosive
products between 298 and Ty, (K) (J/(mol K))

the net increase temperature of explosive products from 298 K
~Tb

the amount of substance of detonation product (mol)
the detonation heat

the coefficient of authenticity

the oxygen coefficient
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