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Abstract: The firearm firing-ignition system performs firing and ignites a bullet
propellant to produce diverse outputs. The objectives of this study were to
extract various performance parameters characterizing the firearm firing—ignition
system and to study the system output performance. The firing pins, primers, and
cartridge cases were used as test objects, and a method for testing the diverse
output performance of the firearm firing-ignition system is proposed based on
the real assembly relationship of firearms. The pressure output patterns and flame
characteristics were analyzed under different operating conditions and ambient
temperatures. With increasing firing energy, the pressure start time and peak
arrival time of the firearm firing-ignition system output decreased, whereas the
length of the flame output generally increased. The flame duration was positively
correlated with the firing energy. The development of the shape and temperature of
the flame output could be categorized into four stages, where the maximum flame
length of 60-70 mm occurred during the third stage and the highest temperature
of 1218 °C was reached during the second stage. This study resolves the problem
that the firearm firing—ignition system has a variety of outputs but only a single
characterization parameter (the primer sensitivity) and engineering practice fails
to quantitatively evaluate the system output performance.



456 B. Li, Y. Wei, C. Xin, Z. Wei, Y. Shi

Keywords: firearm, firing and ignition, versatile outputs, pressure resonance,
flame shape and temperature

1 Introduction

Firearms are light weapons that fire ammunition to kill live targets and lightly
armored targets. The components of a firearm that perform firing and ignite
a bullet propellant are collectively referred to as the firearm firing-ignition system
[1]. As the firearm firing-ignition performance of firearms directly affects the
firing task, it is necessary to experimentally investigate the output performance
of the firearm firing-ignition system.

A firearm firing—ignition system has various outputs (sound, light, and
flame) and is therefore characterized by multiple physical parameters, including
the intensity of the explosion sound, gas pressure, flame shape, and flame
temperature. The drop-hammer sensitivity test is the main method used to test
firearm firing-ignition performance in engineering practice. The test generally
consists of using a mechanical drop-hammer machine [2] to measure the impact
sensitivity of the firearm firing-ignition system, and an operator determines
whether the primer has been fired based on a single dimension, the explosion
sound. Thus, the test results are subjective and do not comprehensively and
quantitatively measure the output performance of the firearm firing—ignition
system. The firearm firing-ignition process is carried out in a small, enclosed
space, where the firing time is on the order of hundreds of microseconds and
the ignition time is on the order of milliseconds. Thus, it is difficult to measure
and extract parameters for performance characterization, and it is necessary to
develop experimental methods to quantitatively measure the various parameters
that characterize the firearm firing—ignition system.

The closed bomb test is frequently used to experimentally determine
the pressure—time (p-f) curve after primer firing to characterize the output
performance of the primer [3-6]. Wang et al. [7] designed a cartridge to test the
performance of a press-loaded small primer with fixed ammunition using the
closed bomb test. The p-f curve for the fired primer was used to determine the
characteristic parameters, including the peak pressure, peak pressure arrival
time, and pressure impulse, as measures of the primer ignition performance.
Liu et al. [8] designed a set of triggers for a closed bomb to achieve firing states
specified for various primers and the required firing action. The flame length and
temperature of the primer output are also important parameters for characterizing
the primer output performance. Bai et al. [9] introduced a photographic optical
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system to measure the length of the flame output of the primer, which cannot be
accurately measured using conventional methods. Li ef al. [10] used high-speed
photography to quantitatively measure the length and duration of the flame output
of the DJ-6B percussion primer. Peng et al. [11] used simulation experiments
and high-speed photography to study the output characteristics of a percussion
primer and determined the characteristic performance parameters, such as the
flame duration, under different operating conditions. Some researchers [12, 13]
have used thermocouples to measure the temperature of the primer after impact
by a copper sheet to estimate the instantaneous heat flux released by the primer.
Chen and Liu [ 14] found that the combustion temperature of the flame output of
the DJ-6B primer measured using a thermocouple was in good agreement with
the theoretically calculated value. Liu [15] combined schlieren optics and high-
speed photography to measure the detonation flow field of micropyrotechnics
and extracted temperature-field parameters from a time series of schlieren images
to calculate the temperature field of the micropyrotechnics. A technique for
measuring the temperature of micropyrotechnics was thus developed.

The firearm firing-ignition process is a mechanical/thermal/chemical
interaction process characterized by several uncertainties. The studies discussed
above have mainly focused on the output performance of a single component,
the primer. Other influencing factors, the assembly relationship between the
primer and the cartridge cases, firing pin, and other components, and the energy
transfer and conversion mechanism for the striking of the primer by the firing
pin during firing have not been considered. A method for testing the diverse
output performance of the firearm firing—ignition system is proposed in this
study to provide technical support for the design and performance optimization
of the firearm firing—ignition system. The firing pin, primer, and cartridge cases
in the firearm firing—ignition system were used as test objects to simulate the
real assembly relationship of the firearm firing-ignition system. The real action
process of the firearm firing-ignition system was simulated to carry out a diverse
output performance test and quantitatively determine various parameters for
characterizing the firearm firing—ignition performance, thereby providing data
reference and technical support for evaluating the performance and optimizing
the design of the firearm firing-ignition system.

2 Experimental and Measurement Principles

The diverse output performance test of the firearm firing-ignition system consisted
of measuring the pressure using complete and truncated cartridge cases, as well
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as the flame parameters. The environment and operating conditions that affect
the output performance of the firearm firing-ignition system were simulated
to measure the characteristic parameters, such as the pressure start time,
peak pressure, and peak arrival time of the gas output, as well as the length,
temperature, and duration of the flame output. A piezoelectric pressure sensor
was used to record the gas pressure output of the firearm firing-ignition system,
and an accelerometer sensor was used to determine the firing time. The flame
parameters were measured using a high-speed camera and an infrared thermal
imager to obtain the shape, temperature, and duration of the flame output (more
details in Section 3.3.2). A schematic of the versatile output performance test of
the firearm firing-ignition system is shown in Figure 1.

2.1 Principle of the measurement test for the gas pressure output
After the primer has been fired, the combustion of the primer mixture generates
a flame gas that propagates into the cartridge case through the fire hole. The gas
pressure output is an important parameter for characterizing the energy output
of the firearm firing-ignition system and a key basis for evaluating the firearm
firing-ignition performance. A closed bomb was used to measure the pressure
using complete and truncated cartridge cases. The pressure waveform of the gas
output in the closed space was measured, and the resulting p-f curve was used
to determine the pressure start time, peak pressure, and peak arrival time as the
significant characteristic parameters of the output performance.

The gas pressure in the closed bomb is proportional to the temperature and
the number of moles of gas contained therein. The maximum pressure generated
by the explosion (P;) of the primer mixture in the primer can be calculated using
Equation 1 [16]:

_ Tyxmy

P1 - ToXmg 0 (1)

where Py, T, and m, are the gas pressure, temperature, and number of moles of
gas before the explosion, respectively, and 77 and m, are maximum temperature
and number of moles of gas after the explosion, respectively.

The volume of the closed chamber used to measure the pressure was 2.43
and 0.71 cm® using complete and truncated cartridge cases, respectively, with the
primer. According to [17], the gas generated after an explosion has a temperature
0f2034.5 K. A calculation based on the theoretical air volume without considering
heat loss yields the following theoretical value for the pressure output of the
firearm firing-ignition system using complete cartridge cases at an ambient
temperature of 298 K (Equation 2).
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2034.5x(%x10‘3+4.55x10‘4)

= x 0.1 =3.54 MPa 2)

- -3
298X224X10

The theoretical value for the pressure output of the firearm firing-ignition
system using truncated cartridge cases at an ambient temperature of 298 K is
shown in Equation 3.

2034.5><(%x10‘3+4.55><10‘4)

x 0.1 =10.48 MPa (3)

0.71 3
298XEZZX10

2.2 Principle of the measurement test for the flame shape

After the primer was fired, the combustion of the primer mixture generated
a flame that propagated into the cartridge cases through the fire hole. Flames
are intrinsically transient. A test was carried out using high-speed photography,
and image processing was used to determine the flame length and duration as
characteristic parameters of the flame shape. The flame duration was calculated
as follows:

Ti=n/s 4)

where 7} is the flame duration, n is the number of pictures containing flame
images, and s is the framing rate (in fps) of the high-speed camera.

2.3 Principle of the measurement test for the flame temperature
The flame temperature is an important characteristic parameter for the energy
output of the firearm firing-ignition system and a key basis for evaluating the
firearm firing-ignition performance. The flame temperature was measured using
anoncontact method. The infrared radiation emitted by the flame was captured by
an infrared thermometer and converted by software into a visible and quantifiable
infrared image, from which the flame temperature output of the firearm firing-
ignition system was obtained.

The surface emissivity is one of the basic parameters used to characterize
the thermal radiation properties of an object and is a measure of the radiation
capability of the material constituting the object[18]. The flame radiation signal
used for temperature measurement was mainly produced by the thermal radiation
of metal oxide particles, such as lead trinitroresorcinate. These particles can be
classified based on their radiation characteristics as a gray body with a specific
emissivity of 0.5. According to [19], the temperature 75 of such a gray body
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measured by a thermal imager can be converted to the true surface temperature
(To) as follows:

171 1/n

To={|Z0" - -on - - D1z} / (5)

&

where 7, is the ambient temperature, 7, is the atmospheric temperature, ¢ is
the surface emissivity of the object being measured, and 7, is the atmospheric
spectral transmittance. An empirical value of 8.68 is used for . If the infrared
thermal imager is close to the object being measured, it can be considered that
7, = 1 and that the measured flame temperature is considerably higher than
the ambient temperature, namely, 7./7, is small. Therefore, Equation 5 can be
simplified to Equation 6.

Ty = To’/% (6)

The output flame temperature of the firearm firing-ignition system was measured
in this manner.

3 Experimental Methodology

3.1 Test setup

The firearm firing-ignition system simulator used in this study was designed
by Zhao [17]. A measurement tool was used to place the test objects, including
the firing pin, primer, and cartridge cases, on top of the simulator to simulate
the assembly relationship of the firearm firing-ignition system in a firearm. The
drop height and mass of the hammer were adjusted to simulate different firing
conditions, such that the firing pin stroked the primer with different energies.
The firearm firing-ignition system simulator is shown in Figure 2.
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Figure 2. The firearm firing-ignition system simulator: 1 — drop hammer,
2 —working table, 3 — flame observation box, 4 — guide rail, 5 — tool
installation hole

3.2 Measurement tool

The firing pin and cartridge cases with the primer were detachably mounted in
the holes of a measurement tool on the workbench of the firearm firing-ignition
system simulator. The firing pin and cartridge cases with the primer were
used as test objects to simulate the assembly relationship and actual operating
conditions of a firearm firing-ignition system. The firing pin was assembled in
the firing pin hole of a simulated bolt, where the distance between the protrusion
and the end face of the simulated bolt was the same as that for an actual forced
protrusion. Figures 3-5 show the three different measurement tools that were
designed for the test objects with different specifications: separate tools for
pressure measurement using complete and truncated cartridge cases and a flame
measurement tool. The tool for pressure measurement using complete cartridge
cases accurately simulated the real assembly relationship of a firearm, but the
large internal cavity volume of the tool resulted in a small measured pressure
output. To achieve a desirable measured pressure and improve the measurement
accuracy, a tool for pressure measurement using truncated cartridge cases was
developed with an internal cavity volume similar to that of a cartridge case with
a mounted warhead. The flame measurement tool provided a clear view of the
length of the flame ejected from the fire hole.

Copyright © 2023 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Experimental Study on the Diverse Output Performance of a Firearm Firing... 463

(b)

Figure 3. Tool for pressure measurement using complete cartridge cases:
1 — firing pin; 2 — simulated bolt, 3 — installation and positioning
tool, 4 — full cartridge case with primer, 5 — simulated chamber,
6 — washer at the mouth of cartridge case, 7 — piezoelectric pressure
sensor, 8 — sensor mounting block

N

(b)

Figure 4. Tool for pressure measurement using truncated cartridge cases:
1 — firing pin, 2 — simulated bolt, 3 — installation and positioning
tooling, 4 — truncated cartridge case with primer, 5 —sensor mounting
block, 6 — washer at the mouth of cartridge case, 7 — piezoelectric
pressure sensor
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(a) (b)
Figure 5. Flame measurement tool: 1 — firing pin, 2 — simulated bolt,
3 —installation and positioning tooling, 4 — truncated cartridge case
with primer, 5 — flame observation block, 6 — flame

3.3 Measurement systems

3.3.1 Pressure measurement systems

Different pressure measurement systems were used for the tests on the complete
and truncated cartridge cases. Each measurement system consisted of the test
objects, the pressure measurement tool, a piezoelectric pressure sensor, a charge
amplifier, a multichannel data acquisition instrument, and other devices.
During the measurement, the drop-hammer struck the firing pin, at which
time an acceleration sensor mounted on the hammer sent a start signal to the
multichannel data acquisition instrument. The pressure data that were processed
by the piezoelectric pressure sensor were then converted, filtered, amplified,
normalized, and modulated by the charge amplifier. The resulting data were
collected and finally transmitted to the computer. The pressure measurement
systems are shown in Figure 6. The pressure sensor had a sensitivity of
48.2 PC/MPa and ranges of 0-10 and 0-20 MPa for the pressure measurement
systems using complete and truncated cartridge cases, respectively.
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Figure 6. Overall layout of the pressure measurement system

3.3.2 Measurement system for the flame shape and temperature

An open system was used to measure the shape and temperature of the flame
output of the firearm firing—ignition system. The flame shape was measured
by high-speed photography, and the flame temperature was measured using
a noncontact technique. Figure 7 shows the measurement system for the
flame shape and temperature, which was composed of the test object, the
flame measurement tool, a photoelectric switch, a synchronous trigger device,
a high-speed camera, and an infrared thermometer. The high-speed camera was
a Phantom VEO 1310 with a resolution of 640%600 pixels and a framing rate of
24,000 fps. The infrared thermometer was a Telops FAST M200 with a resolution
of 480%280. A photoelectric switch was used to generate a start signal during
the test to enable the various components of the measurement system to begin
data acquisition synchronously.
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Figure 7. Overall layout of the measurement system for the flame shape and
temperature

3.4 Test objects

Figure 8 shows photographs and the main dimensions of the firing pins and the
5.8 mm cartridge cases with the primer of a small-caliber automatic rifle that
were used as test objects. Each firing pin had a length of 64.4 mm and a round
head with a diameter of 2.0 mm. The pressure was measured using complete and
truncated cartridge cases, and the flame was measured using truncated cartridge
cases. The primer was loaded to a depth of 0.187 mm in the casings.

42,15

6.4 o
(a) (b)
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(d)

Figure 8. Photographs and main dimensions of the test objects: firing pins used
in the tests (a), full cartridge cases with the primer used for pressure
measurement (b) and truncated cartridge cases with the primer used
for measurements, respectively, pressure (c) and flame (d)

3.5 Test methods

3.5.1 Pressure measurement tests on full and truncated cartridge cases
Each pressure measurement test was carried out by mounting a cartridge case
with the primer in the appropriate tool, which was then placed on the firearm
firing—ignition simulator. The energy input to the primer was controlled by
adjusting the drop height and mass of the hammer. The pressure measurement
system was used to determine the firearm firing—ignition output performance
under different firing conditions using complete and truncated cartridge cases with
the primer. A p- curve of the primer output was generated and used to determine
the pressure start time, peak pressure, and peak arrival time. In Figure 9, the
pressure start time (#,) and peak arrival time (#,) is related to the moment when
the drop hammer strikes the firing pin, which is determined by the signal of the
acceleration sensor installed on the drop-hammer. The sudden change of the
signal means that the drop-hammer struck the firing pin.
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Figure 9. Determining the pressure start time and peak arrival time

To simulate the use of firearms at different ambient temperatures, the pressure
measurement tests were carried out at high and low temperatures [20, 21]. The
measurement tool, firing pin, and cartridge cases with the primer were placed
in an incubator at 50 °C for 2 h in preparation for the high-temperature tests and
at —49 °C for 2 h in preparation for the low-temperature tests.

3.5.2 Test for measuring flame parameters

The flame measurement test was carried out by mounting a truncated cartridge
case with the primer in the appropriate tool, which was then placed on the firearm
firing—ignition system simulator. The energy input to the primer was controlled
by adjusting the drop height and mass of the hammer. The measurement system
for the flame shape and temperature was used to record various characteristics
of the flame output of the firearm firing-ignition system at room temperature,
that is, the high-speed camera captured the flame shape and duration, and the
infrared thermal imager measured the flame temperature.
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4 Results and Analysis
4.1 Pressure measurement tests

4.1.1 Results of the pressure measurement tests on truncated cartridge
cases

The pressure measurement system was used to carry out tests on the truncated
cartridge cases with the primer. The results of impact sensitivity tests on the
primer used for this type of small-caliber bullet indicated that the primer had
a firing rate of 50-100%, 98-100%, and 99-100% for a 250 g hammer dropped
from heights of 160, 200, and 240 mm, respectively [22]. Based on these results,
the firing energy of the firearm was simulated under different conditions of use
by dropping a 250 g hammer from heights of 160, 200, and 240 mm at room
temperature (25 °C), high temperature (50 °C), and low temperature (—49 °C).
A set of 10 rounds of testing was conducted for each condition, totaling nine sets
(90 rounds), to obtain the pressure-time curves (p-f curves) of the gas output of
the firearm firing—ignition system at different ambient temperatures and under
different firing conditions, as shown in Figure 10. Figure 11 shows the average
pressure start time, average peak pressure, and average peak arrival time for the
specified operating conditions obtained from the p-¢ curves.
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Figure 10.

Pressure-time curves of the gas output of the firearm firing-ignition
system at 25, 50 and —49 °C ((a)-(c), (d)-(f) and (g)-(i), respectively)
and under different firing conditions
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Figure 11. The curve of firearm firing ignition performance changing with
firing energy and ambient temperature

The ignition and combustion of the primer mixture generate a flame gas that
propagates into the cartridge case through the fire hole. The output gas pressure
is an important characteristic of the energy output of the firearm firing—ignition
system. Figure 10 shows that the pressure start time and peak pressure arrival time
of the gas output varied significantly with increasing firing energy and ambient
temperature. At the same firing energy, the higher the test ambient temperature
was, the smaller the pressure start time and peak pressure arrival time were. At
the same ambient temperature, the higher the firing energy was, the smaller the
pressure start time and peak pressure arrival time were.

The peak pressure was not significantly correlated with the firing energy
or the ambient temperature. However, the peak pressure output decreased
significantly in the low-temperature environment, probably because the rate of
combustion of the primer mixture was reduced in this environment. The pressure
measured in the test was higher than that calculated in Section 1.1. This result
was obtained because during the test, the combustion of priming mixtures leaves
a lot of solid residues. So, the cavity in the tool was covered by solid residues of
the priming mixture. Therefore, the cavity was cleaned after every five rounds.
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4.1.2 Results of pressure measurement using full cartridge cases

The pressure measurement system was used to carry out tests on the complete
cartridge cases with the primer. A 250 g hammer was dropped from heights of
160, 200, and 240 mm to strike the firing pin with different firing energies at
room temperature (25 °C). One set of 10 rounds was measured under each test
condition, totaling three sets (30 rounds).

Table 1.  Variation in the pressure start time, peak arrival time, and peak
pressure with increasing firing energy
Height from
Dron-hammer whiclgl hammer Average Average peak Ave.rage peak
ng ht [¢] was dropped | Pressure start pressure arrival time
gntle [mmfip time [ps] [MPa] [s]
160 620 4.688 724
250 200 519.6 4.052 642.4
240 465.2 4.153 580.2

Table 1 shows that the same trend was obtained using the complete and
truncated cartridge cases with the primer for pressure measurement, that is,
both the start and peak arrival times of the pressure output of the firearm firing-
ignition system decreased with increasing firing energy. However, for structural
reasons, the pressure sensor on the tool used for the complete cartridge cases
was mounted further away from the fire hole in the casing than that on the tool
used with the truncated cartridge cases. Thus, the pressure start time and peak
arrival time measured using the complete cartridge cases lagged behind those
measured using the truncated cartridge cases.

4.2 Tests used to measure the flame shape and temperature

The 250-g hammer was dropped from heights of 160, 200 and 240 mm at room
temperature (25 °C), and 10 rounds of tests were carried out for each set of
operating conditions.

4.2.1 Flame shape measurement results

Figure 12 shows the development of the flame shape output of the firearm
firing-ignition system captured by the high-speed camera during the test. The
time interval for each photo is 41.67 us. The first photo corresponds to 457 us
after the drop-hammer struck the firing pin (one experiment of a 250 g hammer
dropping from heights of 240 mm). Table 2 shows the firing times and flame
sizes determined from the test data.
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(a) (b) (©)

Figure 12. Development of the flame shape output

(d) (e) ()
(2) (h) (1)

Table 2.  Influence of the hammer drop height on the flame shape and duration
Drop-hammer Hglght from Average Avqrage Flame
. which hammer . maximum .
weight maximum . duration
o] was dropped [mm] width m
s [mm] [mm]
160 65.30 40.83 349.94
250 200 64.30 35.79 354.11
240 68.85 40.83 416.60
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Figure 9 shows that there were four stages in the development of the flame
shape output:

— Early ignition: Immediately after the ignition of the primer mixture,
an ellipsoidal flame erupted from the fire hole.

— Intense flame: Vigorous combustion occurred, during which the flame had
a rhombic or columnar shape and was generally 30-40 mm long.

—  Flame development: The flame expanded to its maximum length and width,
where the flame length generally ranged from 60 to 70 mm.

— Flame attenuation: The flame was cluster-shaped and dissipated slowly,
appearing sporadically in the fire hole and then gradually disappearing.
The length and duration of the flame are important parameters for

characterizing the ability of the primer to ignite the propellant[23]. Table shows

that the length and duration of the flame output by the firearm firing—ignition
system generally increased with increasing firing energy, whereas the flame
width was not significantly correlated with the firing energy.

4.2.2 Flame temperature measurement results
Figure 13 shows the flame temperature output, as measured by the infrared
thermal imager, at different stages. The temperature of the flame output could
be simply categorized into the four stages for the flame shape:
(1) During early ignition, the ellipsoidal flame ejected from the fire hole had
a maximum temperature in the range of 650-740 °C.
(2) During the intense flame stage, the flame had a prismatic shape with
a maximum temperature ranging from 1087 to 1218 °C.
(3) During flame development, the approximately columnar flame had
a maximum temperature in the range of 840-960 °C.
(4) During flame attenuation, the flame began to dissipate and was approximately
ellipsoidal with a maximum temperature range of 240 to 340 °C.
The temperature of the flame output was approximately 1000 °C and reached
a maximum of 1218 °C during the second stage. Figure 13 shows highlighted
areas at the head and tail of the flame, corresponding to the core areas of the
high-temperature flame. The highest temperature was found at the flame head
near the fire hole, and the temperature of the highlighted area at the flame tail
was slightly lower than that (approximately 450-600 °C) at the flame head. The
high temperature at the flame tail was the result of secondary combustion of the
residue of the primer mixture that was ejected with the flame.
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Figure 13. Infrared thermal images showing four stages of flame development

5 Conclusions

In this study, a firing pin and cartridge cases with a primer were used as test
objects, and a scheme was developed for testing the performance of the firearm
firing-ignition system output. The proposed method was used to carry out tests
to determine the characteristic parameters of the primer output of the firearm,
and the following main conclusions were drawn:

¢

The proposed method for testing the diverse output performance of the
firearm firing—ignition system uses a firing pin, primer, cartridge cases,
and a tool to simulate the real assembly relationship of firearms. Thus,
diverse system output data can be effectively extracted, successfully solving
challenges in experimentally observing the transient, highly dynamic firearm
firing-ignition process in a small and invisible action space with uncontrolled
energy. The proposed test method was used to study the output performance
of'the firearm firing-ignition system, and effective means were employed to
supplement existing methods for testing ammunition with a primer, providing
a data reference and technical support for mechanistic research, theoretical
modelling, performance evaluation, and design optimization of the firearm
firing-ignition system.
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The test results demonstrated that the primer pressure output by the firearm
firing—ignition system depended strongly on the energy received by the
primer. Within a certain range of firing energies, the higher the firing
energy was, the more rapidly gas was output from the firearm firing-ignition
system, as manifested by lower pressure start and peak arrival times of the
gas output. The ambient temperature also influenced the primer pressure
output: the higher the ambient temperature was, the lower the pressure start
time and the peak arrival time were. The peak pressure of the primer output
was lower at a low ambient temperature than at a high ambient temperature,
indicating that low temperature directly degraded the system performance.
At room temperature, the flame length and duration of the primer output
generally increased with increasing firing pin energy. The flame duration
of the primer output was approximately 300-400 ps and increased with the
firing energy. There were four stages in the development of the flame shape
and temperature of the primer output in the firearm firing—ignition system.
The maximum flame length (reaching up to 60-70 mm) occurred during the
third stage. The highest flame temperature of 1218 °C was reached during
the second stage.
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