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Blast waves generated from the muzzles of weapons may exert negative effects, such as shock waves and impulse noise. If the
weapon is fired with amuzzle brake, these effects are recognized to bemore severe.1is paper discusses the influence of themuzzle
brake on certain aeroacoustic noise characteristics based on numerical simulations and a corresponding experiment. 1e impulse
noise, which is induced by complex jet flows discharging from small caliber rifles with muzzle brakes, is focused in this study.
Computational fluid dynamics (CFD) and computational aeroacoustics (CAA) are combined to calculate the muzzle flow field
and jet noise for cases with and without a muzzle brake, and then the data sets are carefully compared. 1e simulations indicate
that the muzzle brake alters the muzzle flow field and directional distribution of the jet noise compared to a rifle sansmuzzle brake.
Deviations less than 7.6% between experimental data and simulation results validate the simulation model. 1e results presented
in this paper may provide a workable reference for the prediction of muzzle noise and the optimization of muzzle brake designs.

1. Introduction

1e use of muzzle brakes represents an important in-
novation in combat systems as they force the forward
momentum of muzzle gases rearward to offset the recoil
load created by the weapons during firing. Redirecting the
muzzle gases also increases the intensity of the shock wave,
however, as well as the impulse noise behind the guns.
1ese factors have various negative effects on human
bodies and environments.

Early research on muzzle flow [1–9] and classical the-
ories seldom involve the calculation and prediction of the
muzzle noise field under muzzle brake conditions due to the
complex structure of both the muzzle device and flow field
itself. Experiments do not reveal changes in the flow field
caused by the muzzle brake, nor do they fully reflect the
development and propagation of the muzzle noise field.
Furthermore, weapon testing in both near and far flow fields
is very expensive as it requires a great deal of manpower and
resources. Numerical calculations can simulate the flow field
near the muzzle via computational fluid dynamics (CFD)

and simply calculate the noise [10, 11] but are not suitable for
muzzle noise in far fields as the computational aeroacoustics
(CAA) has an oversize computational domain and stringent
precision requirements.

Advancements in computational performance and CAA
have made numerical simulation methods better suited to jet
noise research [12–20]. 1e muzzle noise production and
development mechanism has also been researched using
CFD-CAA hybrid methods [21–24]. However, researchers
tend to investigate muzzle noise without any muzzle devices;
there have been few previous studies of muzzle noise taking
the muzzle brake into account.

Preliminary research on muzzle jet flow noise based on
both simulation and experimental data was conducted in
this study to analyze the effects of the muzzle brake on the
intensity and directivity of muzzle noise. A 5.8mm caliber
automatic rifle with a standard 5.8mm cartridge was selected
as the research object. A CFD-CAA hybrid method was used
to calculate the muzzle flow field by the large eddy simu-
lation (LES) method, and the noise attenuation was de-
termined by using Ffowcs Williams and Hawkings (FW-H)
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equations based on the obtained source data. 1e jet noise
induced by complex flows discharging from the rifle was
analyzed. 1e effect of the muzzle brake on noise propa-
gation characteristics is discussed below by comparison of
the results with and without a muzzle brake. 1e simulation
results were also compared against experimental data to
validate the model. 1e results presented here may provide a
useful reference for predicting the muzzle noise and opti-
mizing muzzle brakes for small caliber weapon systems.

2. Methodologies

2.1. Muzzle Noise Characteristics. Due to the supersonic
speed at which propellant gas exhausts from the gun barrel,
an unsteady flow field with high temperature, high pressure,
and high speed is formed around the muzzle as shown in
Figure 1. 1e flow field is very complex; it includes the
muzzle shock waves (initial shock wave and propellant gas
shock wave), impulse noise wave, and high-temperature
propellant gas flow. Pressure perturbations throughout the
muzzle flow field together comprise the source of muzzle
noise [6].

Muzzle noise has two main sources. 1e first is shock
wave noise, which is mainly formed by the decay of muzzle
shock wave below 6.9 kPa (170.7 dB) [6]. 1e essence of
shock wave noise is still weak shock waves. 1e second
source is impulsive noise caused by factors such as turbulent
fluctuation in the mixing zone of the expanded jet at high
speeds or the unstable shock wave in muzzle flow; its essence
is the radiation noise. Most of this kind of noise attenuates
and disappears in the early stage of muzzle flow field for-
mation. Generally speaking, the main impulse noise in the
muzzle system is generated by the propelled gas turbulent jet
[20, 21]. To calculate shock wave noise, it is necessary to
obtain pressure perturbations at the measuring points by
directly solving compressible the Navier–Stokes equations,
this requires a wide computational domain with a large
quantity of grids that are beyond existing computational
conditions. 1e radiated noise can be calculated by CFD-
CAA hybrid methods, as discussed in detail below.

1ere are differences between the two kinds of muzzle
noise in terms of sound source properties and calculation
methods. 1ey needed to be studied separately. 1erefore,
this research only focuses on impulse noise. During the
simulation, a supersonic projectile of a rigid body was not
considered as the impact of the projectile, and initial shock
wave (produced as compressed air from a supersonic
moving projectile exiting the barrel) on muzzle noise is very
small compared to the two factors discussed above [6, 20].

2.2. Governing Equation. 1e CFD-CAA hybrid method
provides the flexibility to select the most appropriate method
for each problem. For simulating the sound source fields, the
hybrid method utilizes flow solvers of CFD, such as direct
numerical simulation (DNS) or large eddy simulation (LES).
1e far field sound is computed with CAA methods, such as
the FW-H acoustic analogy method or extended Kirchhoff
method. In this study, the LES method was used to compute

the flow field and the propagation of acoustic waves in the far
field was determined by solving the FW-H integration
equations. Both methods are described in detail in the
following sections.

2.2.1. LES Method. 1e LES method is considered to be a
suitable CFD approach to simulate a turbulent flow with
high Reynolds number. 1e basic principle of the LES is to
provide an alternative weighted average of the N-S equation
in space. 1e large-scale and small-scale turbulent structures
are calculated separately by a spatial filtering method. Eddies
smaller than a preset scale are filtered out from the flow field
and obtained by solving additional equations. Only the large
eddies are calculated time-dependently. 1e continuity
equation and N-S equation after filtering can be expressed as
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where ui denotes the average velocity component after fil-
tering, σij is the stress tensor due to molecular viscosity, and
τij is the subgrid-scale stress. 1ey are defined as follows:
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where δij is a Kronecker function. In this paper, a
Smagorinsky–Lilly model is used to simulate sublattice
stress. Detailed model descriptions are available in reference
[25].

2.2.2. FW-H Acoustic Analogy Method. Ffowcs Williams
and Hawkings utilized the generalized function theory to
obtain the classic equation associated with their names.
According to the continuous equation and momentum
equation, the FW-H equation is
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Figure 1: High-speed shadow photo of muzzle flow field, 7.62mm
ballistic gun. 1: initial shock wave; 2: propellant gas flow; 3: pro-
pellant gas shock wave; 4: impulsive noise wave.
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where p′ is the fluid pressure used in the acoustic field and c0
is the sound velocity, Tij is the Lighthill stress tensor, Pij is
the compressible fluid stress tensor, un is the fluid velocity
component normal to the surface f� 0, vn is the surface
velocity component normal to the surface, H(f) is the
Heaviside function, and δ(f) is the Dirac delta function.

1e three terms on the right-hand side of the FW-H
equation represent the acoustic radiation source: the first term
indicates the turbulent stress of the fluid itself with quad-
rupole characteristics, the second one represents the dis-
persion of the unstable forces applied to some interfaces with
dipole characteristics, and the third one indicates the unsteady
mass flowing into the fluid with monopole characteristics.

2.3. Evaluation Parameters of Noise. Sound pressure level
(SPL) is a basic measurement for the pressure fluctuations of
a sound wave as it propagates through the air [26]:

SPL � 20 lg
p′

pref
, (4)

where p′ is the perturbation pressure calculated by sub-
tracting the mean pressure and pref is the reference sound
pressure, which is usually equal to the minimum human
auditory threshold, pref � 2 × 10− 5 Pa.

1e SPL for the weapon muzzle noise is mostly de-
termined by peak sound pressure level (SPLpeak) and overall
sound pressure level (OASPL) [27]. SPLpeak is the SPL
corresponding to the peak value of pressure-time curve,
while OASPL is the accumulated result of all frequencies:

SPLpeak � 20 lg
ppeak

pref
,

OASPL � 10 lg 
i

10SPLi/10⎛⎝ ⎞⎠,

(5)

where SPLi is the sound wave pressure level from the ith
harmonic wave.

3. Experiment

3.1. Experimental Scheme and Setup. 1e experiment was
conducted in a semisilencing room, with an effective space of

9.32m× 7.84m× 5.26m at the No. 208 Research Institute of
China Ordnance Industries. 1e room has five surfaces
equipped with sound-absorbing material (the ground is not)
with effective sound insulation and vibration isolation
performance. A 5.8mm caliber automatic rifle was selected
as the research object in this study. 1e muzzle brake of the
rifle used in these tests is shown in Figure 2.

1e test system mainly consists of acoustic sensors and
an acquisition control system as shown in Figure 3; Figure 4
shows a photo of the experimental setup. 1e acoustic
sensors are G.R.A.S type 46BE quarter-inch free field mi-
crophones without the foam windscreen. 1e microphones
were connected to the acquisition control system, Siemens
LMS SC310-UTP. 1e axis of the microphone was set
vertical to the ground, and each microphone was mounted
on a weighted tripod. 1e height of the tripod was adjusted
to make sure that the microphone was in level with the gun
barrel axis throughout the experiment, approximately 1m
above the ground level. 1emicrophone signal was recorded
by using LMS SC310-UTP with 102400Hz sampling fre-
quency and the sampling time of 5 s. 1e data of individual
shots were analyzed in LMS Test.Lab software.

Sound levels were measured with radii of 1.0m, 1.5m,
2.0m, and 2.5m at 0°, 45°, and 90° counterclockwise from the
downstream direction of the jet. An overview of the mea-
surement points and the corresponding field diagram are
shown in Figures 5 and 6, respectively. 1e shooter fired one
round at a time, not in bursts, and ten single rounds were
recorded at each point. 1e microphone calibration was
checked before each test using a B & K 4231 sound level
calibrator.

3.2. Experimental Result Analysis. 1e same behavior was
observed in all ten rounds of the experiment, so the result
from the sixth round was taken as an example for further
analysis. 1e pressure varies with time at different mea-
surement points and their corresponding one-third octave
frequency spectra are shown in Figure 7.

As described in Section 2.1, the muzzle flow field is very
complex and contains both shock waves and noise waves.
1e experimental data obtained from various measurement
points reflect not only the nonlinear flow phenomenon of
shock waves but also a series of impulse noise waves
(Figures 7(a)–7(c)). 1e spectra corresponding to the curves
of pressure-time at each measurement point are shown in
Figures 7(d)–7(f ). It appears that muzzle noise is a broad-
band continuous spectrum with obvious peak frequency and
high sound energy in each band. 1e spectrum shape
markedly differs at different angles.

1is study focuses on the impulse noise; therefore, the
shock wave noise has been filtered before calculating the
OASPL at each point for comparison against the simulation
results. According to the characteristics of the muzzle flow
field, the initial shock wave and muzzle blast wave formed
prior to gas jet propulsion and have a higher propagation
speed. 1e shock wave can thus be excluded from the
analysis by the first period of the measurements in the P-T
curve. For example, at point 1 the period before 3.292 s has
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been excluded from the calculation of impulse noise
(Figure 7(a)).1e average SPLpeak and OASPL of the impulse
noise for 10 rounds at all the measurement points are shown
in Table 1.

As described in reference [27], one of the primary
characteristics of muzzle noise is a typical difference between
SPLpeak and OASPL. 1e value of this difference varies with
the type of weapon and shooting environment; it is generally
between 15 and 30 dB. As shown in Table 1, the difference of
the testing weapon in this study is between 23.5 and 29 dB.
1e values at θ� 0° and θ� 90° are higher with the majority

Firing system

Acquistion and
control system

Bullet
receiver

Bullet

Sensor

Figure 3: Schematic diagram of the test scheme.

Figure 4: Experimental setup.
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Figure 5: Measurement point locations in the far field.

Figure 6: Field diagram (red line indicates the axis of different
angles according to barrel axis; red circle indicates microphone
location).

Figure 2: Experimental rifle with the muzzle brake.
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laying in the range of 26–28 dB; the typical value is 27 dB. For
the points at θ� 45°, there are less differences as the values
are around 23.5–24.5 dB with a typical value of 24 dB. 1e

noise components in the jet fluid direction (θ� 0°) and side
hole position (θ� 90°) are more complex and lead to rela-
tively greater differences.
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Figure 7: Sound pressure level varying with time and the corresponding one-third octave frequency spectrum at different measurement
points. (a) P-T at point 1. (b) P-T at point 5. (c) P-T at point 9. (d) SPL-f at point 1. (e) SPL-f at point 5. (f ) SPL-f at point 9. 1: initial shock
wave; 2: muzzle blast; 3: impulse noise wave.
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4. Numerical Simulation

4.1. Small Caliber Rifle withMuzzle Brake. 1emuzzle brake
used in the experiment was schematized in a 3D physical
model as shown in Figure 8. Considering the circumferential
symmetry of the muzzle brake, 1/6 of the model was used for
numerical simulation to describe the problem sufficiently
with a minimal number of grids and enhanced the com-
putational efficiency. A schematic diagram of the compu-
tational domain scaled down by the muzzle diameter (d) is
shown in Figure 9. 1e length of the exterior flow field was
set to 115 times of the diameter (∼95d in the downstream
direction and ∼20d in the upstream direction), and the radial
size was about 45d. 1e whole structure mesh was divided by
the hybrid grid method.1e unstructured grids were applied
to the complex muzzle brake, and the rest were schematized
as hexagonal grids. 1e grid spacing in this case is non-
uniform and the total grid number is 2,720,810 (Figure 10).
1e mesh size has been determined by evaluating the in-
fluence of the grid on the model outcome. 1e density of the
mesh utilized shows similar results as a more refined grid, at
a third of the calculation time of the refined grid.

As the initial shock wave and the projectile were not
taken into consideration in this study, the start time of the
muzzle flow field calculation was determined as the moment
when the projectile leaves the muzzle and the propellant gas
begins to flow outward (i.e., the end of the interior ballistics).
1e initial conditions such as pressure and velocity in the
barrel were determined by using the internal ballistics
equations below as shown in Figure 11:

ux �
v

L
x,

px � pd 1 +
mp

2φ1m
1 −

x2

L2  ,

(6)

where ux is the velocity of the propellant gas, v is the velocity
of the projectile, L is the length of the chamber, px is the
pressure of the propellant gas, pd is the pressure at the
bottom of the projectile, mp is the charge quantity, m is the
projectile mass, and φ1 is the secondary work coefficient.

An average temperature of 1800K was used as the initial
temperature in the chamber, and the atmosphere of the
region out of the chamber was set to 101,325 Pa and 300K.
All the initial conditions are set through the user-defined
function (UDF) program according to ANSYS FLUENT15.0
UDF Manual.

1e outer surfaces of the barrel and muzzle brake were
specified as a wall boundary (Figure 9). 1e domain
boundary around the muzzle flow field was specified as the
pressure-outlet boundary.

4.2. Small Caliber Rifle without Muzzle Brake. To investigate
the muzzle noise field with the muzzle brake, the same
weapon with no muzzle brake was built for the sake of
comparison. A schematic diagram of its computational
domain, initial conditions, and boundary conditions is
shown in Figure 12. Everything except for the muzzle brake
and the scale of the computational domain is identical to the
previous case. 1e length of exterior flow field was set to 150
times the diameter (∼130d in the downstream direction and
∼20d in the upstream direction) which is longer than the
other case as the propellant gas is stronger in the jet flow
direction. 1e whole structure mesh was divided by the
hexagonal grid, and the total grid number is 2,501,860.

4.3. Solution Method. According to the CFD-CAA hybrid
method, there are two steps in the analysis of aerodynamic
noise. First, all computational domains are analyzed by the
LES method. Here, unsteady flow parameters such as des-
tiny, pressure, and velocity were collected on the source
surface after obtaining stable unsteady solution during
10,000 time steps for a total time exploration of 50ms. 1e
sound propagation was computed by using the FW-H
equation to obtain the sound pressure signal of each receiver.
All calculations were completed in ANSYS-FLUENT
software.

1e location of the FW-H surface used as necessary
inputs for acoustic calculations in the far fields is shown in
Figures 9 and 12. 1e distribution of sound receivers is
shown in Figure 13. 1e muzzle noise field was monitored
with the radii of 0.5m, 1.0m, 1.5m, 2.0m, and 2.5m every
10° counterclockwise from the downstream direction of
the jet. Receivers at 45° were also set corresponding to the
experimental points. To ensure an appropriate comparison
regarding the influence of the muzzle brake on sound
pressure level in the ambient region, the points of all
receivers were given the same distances and angles for both
cases.

Table 1: Average measured SPLpeak and OASPL of impulse noise.

SPLpeak (dB) OASPL (dB) Difference (dB)
Point θ� 90°
P1 152.38 126.26 26.12
P2 151.21 124.83 26.38
P3 150.44 123.34 27.10
P4 150.35 121.82 28.53
Point θ� 45°
P5 156.08 131.73 24.35
P6 153.9 130.18 23.72
P7 152.54 128.65 23.89
P8 150.21 125.6 24.61
Point θ� 0°
P9 161.63 132.77 28.86
P10 159.85 131.01 28.84
P11 157.38 130.08 27.30
P12 156.11 129.2 26.91

Figure 8: Schematic diagram of the muzzle brake.
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Figure 9: Schematic diagram of the computational domain and boundary condition.

Figure 10: Grid model of the computational domain.
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Figure 12: Schematic diagram of the computational domain and boundary condition.
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5. Results and Analysis

5.1. Analysis of the Case withMuzzle Brake. Jet flow from the
muzzle is instantaneous, high-pressure, and inconstant as
shown in Figure 14.

When the CFD calculation is relatively stable, the FW-H
equation is applicable to calculate the sound pressure of each
receiver location based on the source data obtained from the
numerical LES results. 1e OASPL can then be determined
by spectral analysis. A corresponding noise directivity di-
agram is shown in Figure 15.

For the receivers located at the radius equal to 0.5m,
which are nearest to the muzzle, the maximumOASPL value
is 136.5 dB at 50°. As the radius increases, the angle of the
maximum value gradually falls to the side. 1e maximum
values of all the rest of the receivers are reached at 90°. One of
the reasons for this difference is that turbulent jet noise is the
most common quadrupole noise and has obvious directivity,
which reaches its maximum value at about 45° [26]. 1e
receivers at r� 0.5m are in the near field close to the muzzle,
i.e., within the jet cone range. 1ey are affected by the
quadrupole noise source and show similar directivity.
However, when the radius increases, they are less affected by
the quadrupole noise source in the jet cone when farther
away from this region.

1e characteristics of noise are also closely related to the
structure of muzzle flow field. Previous research [27] has
shown that the muzzle noise of weapons without muzzle
devices has strong directivity with most acoustic energy
concentrated in ±75°. 1e sound pressure level at 90° is
approximately equal to the average sound pressure level in
the circumference. 1e presence of the muzzle brake results
in the propellant gas escaping through side hole and en-
hancing the flow at large azimuth angles. 1erefore, for
receivers far away frommuzzle, the maximum value emerges
at 90°.

5.2. Comparison of the Cases with and without Muzzle Brake.
A comparison of the simulated results at different angles and
radii for cases with and without a muzzle brake is shown in
Figure 16. As shown in Figure 16(a), the angle at which the
maximum value is reached changes from 60° without the
muzzle brake to 90° with the muzzle brake. A similar
phenomenon can be observed with receivers on other radius
positions in Figure 16(b). Installation of the muzzle brake

appears to have little effect on the noise downrange
(θ� 0–70°) but increases the sound pressure level on the side
and the rear of the muzzle (θ� 70–150°).

5.3. Comparison of Modeled and Experimental Results.
1e simulated and experimental results were compared
based on the peak frequency and peak sound pressure level
to verify the accuracy and feasibility of the model.

5.3.1. Peak Frequency. Peak frequency is an important part
of spectrum analysis and also the basis for noise source
analysis. 1e spectra of points at different angles are shown
in Figure 17. As shown in Figure 17(a), the peak frequency of
turbulent noise obtained by numerical simulation is 4 kHz,
which is in the 4k center frequency range of the one-third
octave frequency spectrum. 1e same pattern is visible in
Figures 17(b) and 17(c). It appears that turbulent noise is one
of the reasons for the peak frequency in the muzzle noise
spectrum; impulsive noise caused by the propellant gas
turbulent jet is one of the main sources of muzzle noise.

5.3.2. Peak Sound Pressure Level. 1e SPLpeak is commonly
used as global standards for noise from weapons. 1e
simulated data were further processed by combining the
OASPL and typical difference value obtained frommeasured
data to estimate SPLpeak. A comparison of SPLpeak values for
different methods is shown in Table 2.

1e simulated results of the points at θ� 90° and θ� 45°
match the experimental data well with deviation less than
2.5% and 5.5% repetitively. However, for the points at θ� 0°,
the model shows relatively larger discrepancy from the
experiment. A difference of 7.6% emerged at point 12. 1e
data measured from the experiment include initial jet flow
noise, propellant gas jet flow noise, and a sonic boom due to
the supersonic projectile. 1e sonic boom and initial jet flow
noise are beyond the scope of this study because the pro-
jectile moving body was not considered; therefore, de-
viations are to be expected. 1e resolution of the model also
has a limited prediction frequency of sound source; the
solution is unable to cover the high-frequency sound source
thus causing some discrepancy to this effect.

Based on Table 2, the deviation of estimated SPLpeak of
impulse noise from measured data is within 7.6%. For the
points at θ � 90°, the difference is lower than 2.5%. 1ese

r
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Figure 13: Receiver locations in the far field.
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Figure 14: Muzzle flow field at t� 0.5ms. (a) Pressure contours. (b) Density contours. (c) Velocity contours. (d) Temperature contours.
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Figure 15: Noise directivity diagram.
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Figure 16: Noise directivity diagrams with and without the muzzle brake. (a) r� 1.0 and 2.0m. (b) r� 0.5m, 1.5m, and 2.5m.
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Figure 17: Continued.
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results suggest that the simulation can indeed feasibly
replicate reality.

6. Conclusions

A CFD-CAA hybrid method was used in this study to
simulate the impulse noise from a small caliber rifle with/
without a muzzle brake. 1e model was validated by
comparison with experimental data. 1e conclusions can be
summarized as follows:

(1) In the case with a muzzle brake, the clear directivity
of quadrupole noise can be observed within 0.5m
away from the muzzle’s central point. 1e directivity

grows less intensely as the radius increases, and the
peak emerges at θ� 90° for the calculation points
farther than 1.0m. For the case without a muzzle
brake, the results differ. It suggests that the muzzle
brake alters the construction of the flow field, thus
influencing sound-field propagation.

(2) Comparison of the peak frequency between the
simulated and experimental results indicates that the
impulse noise caused by the propellant gas jet flow is
one of the main sources of muzzle noise.

(3) 1e deviation between simulated results and ex-
perimental data is within 7.6%, which indicates that
the proposed simulation method is feasible.

1e research presented in this paper may be helpful as
future engineers seek to better understand impulse noise
characteristics; they may also provide a workable reference
for designing muzzle brakes for small caliber weapon
systems.
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Figure 17: One-third octave frequency spectrum. Comparison between cases with and without the muzzle brake. (a) Point 1 at θ� 90° and
r� 1.0m. (b) Point 5 at θ� 45° and r� 1.0m. (c) Point 9 at θ� 0° and r� 1.0m.

Table 2: Comparison between the calculated and experimental
results of SPLpeak.

SPLpeak (dB) Difference (%)
Measured Calculated

Point θ� 90°
P1 152.38 154.69 − 1.5
P2 151.21 151.16 0.0
P3 150.44 148.65 1.2
P4 150.35 146.67 2.4
Point θ� 45°
P5 156.08 151.26 3.1
P6 153.9 147.22 4.3
P7 152.54 145.42 4.7
P8 150.21 142.35 5.2
Point θ� 0°
P9 161.63 153.59 5.0
P10 159.85 149.24 6.6
P11 157.38 146.4 7.0
P12 156.21 144.26 7.6
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