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Abstract

:

With the rapid development of the military industry and the increasing focus on the safety of those in these fields, there is an increasing search for solutions to existing and emerging weapons for the user and the environment. In this case, components for firearm suppression are used to reduce the effects of noxious impulse sound, to minimize the severity of the weapon’s recoil to the user’s body, and maintain important accuracy, maneuverability and other parameters. The analysis and investigation of silencer designs can provide essential values for acoustic characteristics that reduce risk in real situations. The gun silencer analysis was performed in two steps. The modeling processes of the silencer configuration were performed to choose the optimal construction, and the main parameters were selected, including different angles and forms of the tilt. The angle of inclination of the partitions was changed to 60° and 135°. Due to the reduced results observed in the last zones with closed cavities and created additional configurations, the number of partitions was shortened by three partitions and the angle of inclination was adjusted to 60°; the simulation of the initial variant was also supplemented with 135° partitions. The second step was an experimental validation of the optimal tilt angle and form according to the modeling data. The silencer was found to achieve a sound pressure damping value and the sound pressure level during the shot was reduced to below a dangerous level. The search to find the optimal configurations will lead to the parameters of production and efficiency.
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1. Introduction


Data obtained during experimental tests using acoustic and force sensors have been applied to model the shooting process. These methods identified the main characteristics of the shot being executed, and the parameters of firearms and their accessories (sights, mufflers, etc.). The following methods were identified and applied to the main indicators of the shot being performed. Therefore, it becomes very important for both firearms and their accessories (silencers, scopes, etc.) to be the subject of much research around the world because state authorities require very strict accuracy and reliability in the maintenance of their weapons. A modern firearm silencer is far superior to ear-level protection and the only possible form of suppression that can make weapons safe for hearing. To protect the shooter’s hearing, modern firearms use a silencer. This provides better protection for the shooter’s hearing than headphones and provides maximum effective suppression when using firearms [1,2,3]. Acoustic effects during shooting account for the majority of hearing loss [4,5,6,7]. Many of the early silencers were mostly empirical in nature [8,9,10,11].



Acoustic trauma is one of the most damaging factors for people near the center of the gun shot. Often the sound pressure level of weapons exceeds 160 dB, which is particularly dangerous to health and can cause deafness. To prevent these issues, attenuation equipment is used that reduces the maximum sound level values to less than 140 dB, which is defined as the threshold for pulsed sound damage.



The main purpose of the silencer is to make it difficult to locate the shooter during the shot, but when referring to nonmilitary weapons, the main task becomes the protection of the shooter’s hearing [12,13]. This is done by removing the flash of fire that occurs during the shot, making it difficult to identify the location of the shooter [14,15,16,17]. It is important to mention that the use of a silencer suppresses the sound of the shot. This manifests itself through the effect of gases coming out of the silencer. This effect is manifested by the discontinuity of the gas flow and the beginning of its swirling. The exit velocity and temperature of these gases also decrease as a result of the change in the internal energy of the gas.



When firing, sound is made up of many acoustic waves resulting from a combination of four main components: a gunpowder gas flow wave; shock wave generated by the supersonic movement of a bullet; a wave consisting of a column of air displaced from a rifle in a tube in front of a bullet; an acoustic wave generated in response to parts of a weapon during firing.



Many research studies [15,18,19,20,21] examined many different devices placed on the front of a weapon. The main reason for modifying the silencer elements is to minimize acute overpressure by using various shapes [15]. Constructive solutions facilitate silencer production, especially using silencers with arbitrary but axially uniform cross sections [18]. For this, various mechanical elements can be used, which not only ensure the reduction of sound pressure, but also open the way for the development of new modifications, which are very relevant in ensuring the comfort of the shooter during the shot [19]. Various recoil-reducing solutions were examined, which allowed the reduction of recoil by up to 70% [20]. Additionally, the use of Generalized Cross-Correlation (GCC) and the Mean-Squared Error (MSE) optimization tools to optimize these structural parameters made it possible to significantly complicate the location of the shooter during the shot [21]. It should be noted that the results of these simulations were not validated by experimental studies. The results obtained by analyzing the dynamics of the shot showed that some of the results differ from the results obtained under the normal conditions of the shot [22,23,24]. Barriers made of woven wire mesh were used to improve dynamic parameters [22], including compact polymer fiber [23] and grid structures [24]. Carson and Sahni [25] examined damping devices in more detail both theoretically and experimentally, using three methods: acoustic theory, explosion theory and one-dimensional flow theory. Because the bullet accelerates at high temperatures and high pressures, an explosion wave in the front of the weapon occurs when the propellant explodes [25,26,27,28,29]. As the energy at the front of the weapon increases, the intensity of the pulse wave is estimated accordingly.



The increasing energy at the front of the weapon forces a scrupulous assessment of the intensity of the pulsating wave. The shock wave generated during the shot has a negative impact on the environment and people. This is determined by its features if we compare it with other types of sound. Those features are manifested with high wave energy, low frequency and long propagation distance [30,31,32,33,34]. Prior to this, research was conducted by the authors of an article on weapons suppression systems [19,35]. They examined the regularities of the change of the resulting force of the compensator sound pressure and the time of the shot by theoretical and experimental methods.



Silencers are usually mounted on weapons that develop sound pressure at the mouth that is dangerous to human hearing. The design of this device is very important to create an optimized combination of acoustic characteristics that limits and suppresses the health-threatening sound pressure value generated during a shot. This study analyzes reactive type silencers, the internal design of which directs, delays and reduces the gas flow, thus achieving the suppression of the sound pressure level generated during the collision with atmospheric conditions.



The design of silencers must take into account aspects of their weight, maneuverability, stability during repeated shots and the generation of resonant frequencies due to structural elements, which determine their ultimate effectiveness and the situation created by the user.



This study analyzes damping devices for recreational, nonmilitary use. The new damping device would be a mixture between a silencer and a muzzle brake to reduce noise and kickback. The main advantage of the device under study is that the sound attenuation is mainly in the area of the shooter, and in the direction of the shot the sound attenuation is up to 30% (and according to this indicator, the device is not classified as a silencer). As a result, the muffler can be used for leisure purposes, as if the sound attenuation in the direction of the shot is more than 30%, the muffler would be classified as such. Separate silencers and muzzle brakes are widely described in both scientific and patent material. However, information on devices with the desired damping–braking properties is almost non-existent. Furthermore, this type of equipment is not sold. The following problems with suppressors or muzzle brakes are commonly considered in the scientific literature: impact on bullet trajectory [36,37]; effects of sound pressure during shooting on hearing [38,39,40,41]; reducing the sound pressure level of firearms through the use of various types of silencers. However, issues related to the adaptation of the device to recreational weapons are not addressed. To reduce undesirable phenomena that occur during the shot, such as recoil and sound, this paper proposes a device that combines the features of a silencer and a muzzle brake. This makes it possible to ensure that it will not be classified as a muffler (due to the reduction limits set by law for the suppression of the shot), because the sound reduction in the direction of the shot will be reduced no more than 30%, and the sound reduction itself will be carried out in the area of the shooter’s impact. It is clear that individual silencer and muzzle brake solutions have existed before to reduce the sound of the shot, but systems similar to the one proposed in this paper do not appear in either patents or scientific literature. This is explained by the fact that a comprehensive solution is still being sought. Most of the research is focused on the influence of a silencer and a muzzle brake on the trajectory of the bullet [36,37], the examination of the visual effect during photography [40,41,42,43], and research on various types of silencers themselves [1,44,45] Additionally, there are no weapons on the market that do not require a special permit for sound suppression (silencers are subject to special restrictions on use at the level of law), which are more intended for entertainment.



The scientific novelty of this work is defined as the structural optimization of the tilts of silencer elements in order to reduce the acoustic impact in the shooter’s area. This was performed by creating models and experimentally validating the tilts by choosing the optimal angles.




2. Materials and Methods


The test silencer (Figure 1a) consists of an outer casing and structural elements that allow it to be easily mounted to the weapon in use and to generate scattering sound waves. The object of the research is an expansion chamber and eleven separate spaces to which the gas is directed on the conical surfaces, thus delaying their exit from the mouth and weakening the sound pressure level. Because the damper is exposed to high heat fluxes with frequent repetitions of shots in the short term, it is necessary to choose the materials responsibly. In the construction of the individual partition elements, the first one, which is in the transition position from the mouth of the weapon and is made of stainless steel, is further laid with aluminum with a thicker coating. With a seamless construction, the spectrum of materials predominates between titanium alloys, aluminum and stainless steel. The outer casing is in most cases made of aviation-grade 7 aluminum and anodized with a thicker layer.



The calculations were performed by modeling Solidworks flow simulations in a software package environment that solves the specified problems using the finite element method. They compared the acoustic characteristics of dampers of various design configurations. The construction of the damping device consists of a partition divided into spaces by internal partitions, which direct the flow to the holding and dissipating zones with conical surfaces, and the outer housing together with the cover traps the air inside the damper (Figure 1b).



The sound pressure p is calculated using the Helmholtz Equation (1) [46].


  ∇    1 q  ∇ q − g   +    k 2  p  q  = 0 ,  



(1)




where k = 2πf/c is the wavelength, q is fluid density, f is the frequency and c is the speed of sound; g equals the bipolar source term, representing the acceleration per unit volume. Using this equation, the solution can be found in the frequency domain using a parametric solver. The transmission loss of the silencer is calculated using Equation (2) [46].


  T L = 10 l o g      w  i n      w  o u t       ,  



(2)




where win and wout describe the acoustics at the inlet and outlet of the silencer. The acoustic effect is calculated using Equations (3) and (4) [46].


   w  i n   =   ∫     p i 2  p   2 q c   d A     



(3)






   w  o u t   =   ∫     p 0 2  p   2 q c   d A     



(4)







Equations (2)–(4) were specified as variables in the program, and the input pressure value (pi) was assumed to be 1 bar. The model uses sonic boundary conditions at the solid boundaries as described in Equation (5) [46]


    −   ∇ p  q    n = 0  



(5)







Additionally, in order to achieve the validation of the experimental method and the simulation, it is necessary to establish analogous conditions. The running speeds and other parameters of the firing elements used are provided by the manufacturers and the ambient pressure is known. The Autodesk Inventor Professional software package was used to create the model. The dimensions were taken by reproducing a real object, modeling the same structural elements, and defining them for easy modification by analyzing other configurations. When joints are not important in the study, unimportant objects such as threads and edges are eliminated.



It is assumed that the use of this silencer is subject to incomplete design optimality and maximum values of acoustic characteristics, which may lead to deviations in the use of firearms of another caliber, thus posing a health risk. By modernizing the device, the aim is to improve its characteristics, to create an easily technologically feasible structure that does not lose its mechanical and acoustic properties.



The method also includes grid generation and definition of the initial conditions. In the process of creating a finite element grid, the geometry is divided into a grid of three-dimensional objects from tetrahedra (Figure 1c), forming 194,455 points and 100,136 elements. The inlet speed is 730 m/s, according to the manufacturer’s specifications, and the resulting temperature of 1500 K and a pressure of 2 MPa at atmospheric pressure and temperature shall be used to define the parameters required for the calculation.



Utilizing the functionality of the software package used, the distribution of velocity trajectories of different structures in the internal airflow damping zones, and the change of sound pressure level and velocity at the entry and exit points are analyzed. By comparing these characteristics, it is possible to gather information about the importance of structural elements in flow control and the preliminary efficiency of the final acoustic characteristics of the device in performing calculations in virtual space.



By testing various configurations of firearms and devices, the test equipment allows one to determine the following acoustic characteristics of the damping devices:




	-

	
values of sound pressure over time;




	-

	
spectral distribution of sound pressure;




	-

	
the effectiveness of the suppression in the zones.









In the preparation stage, it is important to correctly select and position the data detection equipment in order to create the values for the parameter fields of the intended zones; therefore the orientation is based on the scheme in Figure 2.



In this study, short and high-frequency acoustic pulses of more than 140 dB prevail during the shot, so high-quality vibration measuring instruments from the Danish company Brüel & Kjær are used. Vibration and other dynamic measurement and analysis equipment is used to test the acoustic characteristics, including Brüel & Kjær Mobile Diagnostics Toolbox Type 7927, with a Dell Computer and Grass 46DP Microphones. Measuring points 1 and 2 (microphones 1 and 2 in Figure 2a) are located at a distance of 0.8 and 0.6 m from the shooter on the left and right sides, respectively. The position of measuring points 3 and 4 (microphones 3 and 4 in Figure 2a) are at a distance of 4 and 9 m from the source of the shot.



In the developed infrastructure, which can capture important acoustic characteristics of the investigated silencers and ensure a sufficiently high repetition of the experiment, it was possible to obtain data that are convenient to compare with the values determined during the simulations.



A Merkel RX Helix Black 308 Win firearm and 308 WIN (weight 165 g, gunpowder weight 10.69 g; ballistic factor 0.404) bullets with the characteristics given in Table 1 were used for the study.



During the experiment, the data are analyzed after recording the results when the weapon was without and with a silencer during the shot. Sound pressure measurements were performed using 308 WIN caliber bullets and the sound pressure is expressed in dB.




3. Results and Discussion


After processing the data and systematizing the results of the tests performed for the first configuration of the damper in the field of longitudinal velocity change, it is observed that the inlet and outlet velocities do not differ, except at the first gas storage space deflection and damping, where the gas in the mixing spaces reaches ~732 m/s (Figure 3a).



Analyzing the pressure distribution in the geometry, a decrease in values is observed after the first space deflection, in which eddies are generated, reducing the energy of the expanding gas (Figure 3b). However, the last three partitions show a decreasing pressure field, as the length of the structure may not be optimal, but good damping parameters are maintained.



The results defining the sound pressure distribution show vortex zones in the partition spaces in the expansion zone, where the maximum efficiency of the structure in controlling the gas flow and reducing its energy is achieved (Figure 3c). The sound pressure level continues to decrease, and a value of 119.6 dB is obtained at the mouth.



The effectiveness of silencers is based on the reduction of sound pressure and noise and the loss of sound transmission. Sound reduction can be defined as the difference between the sound powers generated with and without a silencer. Noise reduction is the difference between the sound pressure level entering and leaving the structure. The sound transmission loss is described by the silencer characteristic, which is a logarithmic comparison of the sound power with a reference value.



The silencer is characterized by structural elements that create zones of diversion and expansion of the expanding gas generated during the flying firing element, which over time reduces and delays the amount of energy and generated sound pressure entering the environment.



The determination of the acoustic characteristics is performed by mounting the test rig on a selected firearm with a specified set of tests. An infrastructure with defined areas that are important for the experiment is created for the shooting, and special equipment for capturing the desired data are applied.



Comparison graphs of the four-point sound pressures (at the microphone locations shown in Figure 2) with and without a damping system are given in Figure 4.



The results of the sound pressure measurements (Figure 4) during the shot showed that the values of the damping device in the shooter area are reduced by 30.2 dB at point 1 and 30.1 dB at point 2 compared to when the damping device was not used. When evaluating the results of the sound pressure measurements at points 3 and 4, it was found that the silencer had almost no effect on the sound pressure value at point 3 (with damping device 153, without damping device 153.9 dB) and point 4 (with damping device 153.9, without damping device 155 dB).



An investigation of acoustic characteristics of silencer configurations was performed. In the second configuration, the spaces between the partitions are separated (Figure 5), thus isolating the gas expansion chamber and changing the effect on the acoustic characteristics. The three-dimensional model of finite elements is divided into a structure of 201,035 points and 103,438 elements.



Repeating the initial conditions gave results in which the maximum of the velocities at the first guide cone was observed and maintained until the exit in the area of variation of the speeds of the longitudinal section. The further zones in this case show the movement of the air flow with a speed of up to 340 m/s, but the configuration of the enclosed spaces shows low efficiency starting from the eighth partition, so it is worth adjusting the geometry and analyzing its effect on the characteristics (Figure 3).



In the analysis of the pressure distribution in geometry, we also see a decreasing gas level outside the eighth partition (Figure 3a). The results obtained in the zone of the first partition show the maximum pressure values due to the transition from the mouth, and eddy flows are observed in the gas expansion chamber, which dampen the pressure characteristics and create a sound delay.



The results of the sound pressure distribution are observed in the eddy zones in the bulkhead spaces, and in the gas expansion chamber, resulting in increased silencer efficiency parameters. The decrease in acoustic power is visible throughout the gas path of the installation, and a value of 149.7 dB is recorded at the eighth bulkhead, where the loss of efficiency was detected (Figure 3b). A value of 126.2 dB is reached due to atmospheric resistance monitoring.



By analyzing the possible changes in the acoustic characteristics of the reactive silencer models with closed and connected partitions due to the geometry, additional experimental configurations were developed by varying the position and parameters of the structural elements (Figure 3c).



Based on the initial results from the open cavity type damper (Figure 1a), the angle of inclination of the partitions is changed to 60° (Figure 6a) and 135° (Figure 6b). Due to the reduced results observed in the last zones with closed cavities and additional configurations created, their partitions are shortened by three partitions (Figure 6c), their tilt angle is adjusted to 60° (Figure 6d); additionally, the simulation of the initial version is supplemented by 135° partitions.



After the simulation and systematization of the results, the changes made by the structural elements between the sound pressure values of the different configurations are observed. Examining the position dependence, the 25 mm spacing shows the exit of the silencer mouth. Further values indicate the path to the barrel mouth where the attachment area to the weapon is located, and the firing element passes into the environment of the other device (Figure 6). Comparing the variations in the 45° model, the pressure level varies in the range of 147.2–119.6 dB, while in the 60° version 151.5–120.6 dB values are recorded, and in the 135° configuration, 139.7–117.8 dB results are obtained in the direction of exposure to atmospheric conditions. A comparison of the sound pressure level in the open cavity models (without being shortened by three partitions) is given in Figure 7. The typical variants are presented as when the angle of inclination of the partitions is 45° and the comparison is when the angle of inclination of the partitions was changed in 60° and 135°.



In addition to the simulation data of the partitioned cavity model (with the variation shortened by three partitions), the results between the sound pressure values of the different configurations are calculated and presented, which show the ideal design change factors for the silencer. Compared to the variations in the 45° model, the pressure level varied between 149.7 and 126.2 dB, with the 135° variant receiving 157.5–115.3 dB and the shortened 45° configuration receiving 158.1–116.4 dB results, while the 60° variant recorded 152.2–115.5 dB in the direction of entry to atmospheric conditions (Figure 8).



Analyzing the obtained theoretical sound pressure results in six different cases; it was found that the (open) silencer in the unoccupied spaces achieves the best damping of 30.9 dB with 60° tilt partitions, and the separation of spaces (closed) results in a 42.2 dB sound pressure level reduction in the 135° tilt configuration. In the 45° tilt variants of the same length, a 14.9% lower efficiency was observed in the closed case, but the value was improved 1.9 times after shortening the damper. Theoretical studies of damper configurations showed the following results: 1. Open damper configuration and partition tilt angle 45°—damping level 27.6 dB; 2. open silencer configuration and partition tilt angle 60°—damping level 30.9 dB; 3. open damper configuration and partition angle 135°—damping level 21.9 dB; 4. closed damper configuration and bulkhead tilt angle 45°—damping level 23.5 dB; 5. closed damper configuration and partition angle 135°—damping level 42.2 dB; 6. closed silencer configuration shortened by three bulkheads and bulkhead heeling angle 45°—damping level 41.7 dB; 7. closed damper configuration shortened by three bulkheads and bulkhead tilt angle 60°—damping level 37.6 dB.




4. Conclusions


The research of silencers was performed and analyzed during which the equipment was selected and the acoustic characteristics that show the efficiency of the devices in the direction under study were investigated.



During the theoretical test, the geometry of the damper used in the experiment was designed further and the environmental conditions as close to the real situation as possible were defined. The result of the sound test was 27.6 dB (a sound pressure damping value) during the theoretical test.



In an experimental study and analysis of the results, the silencer was found to achieve a sound pressure damping value of 30.1 dB using 308 WIN ammunition at the selected speed and theoretical calculations, and a high level of identity could be observed in both cases. During the experiment, evaluating the data recorded by the formed microphone field, the most effective reduction of acoustic characteristics dangerous to humans were at the 0.8 and 0.6 m positions from the left and right, respectively, compared to the results obtained behind the mouth.



After creating the silencer configurations by changing the position, direction and connection components of the structural elements, the values of the acoustic characteristics were obtained using theoretical calculations. Moreover, in the configuration change of the model studied in the experiment, an increase of up to 30.9 dB damping was observed by modifying the partition angle from 45° to 60°. Furthermore, by changing the design to closed cavity distribution, it was possible to reach a reduction of 41.7 dB by shortening the device with 45° partition tilt.



For better results, different combinations of elements need to be analyzed due to the changing features of flow parameters. Due to the variable bullet speed, the use of different ammunition requires the development of an optimal design adapted to the widest possible range of conditions. It is necessary to take into account the technological nuances of production and to apply different methods to find the most efficient model that produces the best damping characteristics. This ensures that the sound pressure level during the shot is reduced to below a dangerous level and ensures safe use.
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Nomenclature




	c
	the speed of sound



	E0, E100, E200, E300
	the bullet energy, when the bullet speed is 0, 100, 200 and 300 m/s



	f
	the frequency



	g
	the bipolar source term, representing the acceleration per unit volume



	k
	the wavelength



	q
	the fluid density



	p
	the sound pressure



	pi
	the input pressure value



	TL
	the transmission loss of the silencer



	V0, V100, V200, V300
	the bullet speeds



	win
	the acoustics at the inlet of the silencer



	wout
	the acoustics at the outlet of the silencer
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Figure 1. The total view (a), 3D model (b) and the silencer finite element grid (c). 
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Figure 2. Experimental site (a) consisting of the range of the shooter, the range of the bullet and a layout of the microphones (b). 
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Figure 3. Longitudinal velocity distribution (a), geometric pressure distribution (b) and sound pressure distribution and flow lines (c). 
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Figure 4. Graphs comparing the sound pressure at 4 points (Figure 3) with and without the damping system, showing the temporal (a,c) and spectral density plots (b,d) of the sound pressure. A damping system is used with the red and blue curves, and the green and orange curves describe when a damping system is not used. 






Figure 4. Graphs comparing the sound pressure at 4 points (Figure 3) with and without the damping system, showing the temporal (a,c) and spectral density plots (b,d) of the sound pressure. A damping system is used with the red and blue curves, and the green and orange curves describe when a damping system is not used.



[image: Applsci 13 04426 g004]







[image: Applsci 13 04426 g005 550] 





Figure 5. Second reactive silencer configuration. 
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Figure 6. Configurations of test silencers: the angle of inclination of the partitions is changed to 60° (a), 135° (b), shortened by three partitions (c), shortened by three partitions and with the angle of inclination 60° (d), the same modification as d but with angle 135° (e). 






Figure 6. Configurations of test silencers: the angle of inclination of the partitions is changed to 60° (a), 135° (b), shortened by three partitions (c), shortened by three partitions and with the angle of inclination 60° (d), the same modification as d but with angle 135° (e).



[image: Applsci 13 04426 g006a][image: Applsci 13 04426 g006b]







[image: Applsci 13 04426 g007 550] 





Figure 7. Comparison of sound pressure level in open cavity models. 
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Figure 8. Comparison of sound pressure level in closed cavity models. 
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Table 1. Bullet 308 WIN characteristics.
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	Speed, (m/s)
	V0
	V100
	V200
	V300



	
	805
	730
	660
	560



	Energy, (J)
	E0
	E100
	E200
	E300



	
	3465
	2860
	2350
	1915
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