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Abstract

Although muzzle brake is an important device for guns, its working environment is poor. Originally, muzzle brake was
designed to be very large and bulky to satisfy the strength requirement, which caused increase in material resources and
weight. Therefore, a new method should be developed for muzzle brake design. In this study, the stress analysis of
muzzle brake was made by using finite element analysis based on fluid-solid coupled method to evaluate muzzle brake’s
reliability. First, a 3D computational domain was constructed to simulate the muzzle flow field, and the Spalart-Allmaras
model was utilized for turbulent flow calculation. Second, muzzle brake force was examined in details in the gun firing
process, and the figures of pressure distribution on muzzle brake surfaces were obtained. Finally, a loosely fluid-solid
coupled method was employed to calculate the stress of the muzzle brake. Results show that the maximum stress is
624.71 MPa, which satisfies the strength requirement. The holes and baffles of each row have different stress values.
Compared with that of the other rows along the flow direction, the maximum stress values of the holes and baftles of the
second and third rows are larger. What’s more, those of the fourth to the sixth rows decrease gradually. The maximum
stress points of each row appear at the junction of the holes and the baffles. Thus, this study is meaningful and significant

for the design and optimization of muzzle brake.

Keywords: Muzzle brake, Muzzle flow field, Fluid-solid coupled method, Dynamic mesh, Unsteady flow.

1. Introduction

In the process of gun firing, a projectile is pushed by the
explosion of propellant inside gun tube. When the projectile
is flying out through a muzzle brake, high-temperatured and
high-pressured propellant gas is suddenly released through
the muzzle brake. The gas expands rapidly at a high speed.
At the same time, a complex high-pressured blast flow field
is generated, which is actually a complex 3D unsteady
problem. With the flow field around the muzzle brake
changing constantly, the muzzle brake force is also
continuously changing all the time. In addition, the muzzle
blast wave greatly affects the surfaces of the muzzle brake.
So many factors need to be taken into consideration in the
process of muzzle brake designing. However, there are few
defects in the traditional design of muzzle brake. At the
theoretical calculation stage, the load applied on the surfaces
of muzzle brake is based on experience. Thus, to some
degree, this approach is subjective and limited. What's more,
although the component satisfies the stress requirement, the
disadvantages of material-wasting and weight-increasing are
unavoidable. At the testing verification stage, the parameters
of muzzle brake are determined through conducting several
actual firing tests to check the bearing capacity of muzzle
brake. To a certain extent, such an approach is uneconomical
in terms of money, manpower, and material resources. The
load produced by muzzle flow on muzzle brake is complex
and constantly changing. Therefore, accurate calculation of
muzzle brake force, pressure distribution on the surfaces of
muzzle brake and stress analysis of muzzle brake are
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primary to the design of muzzle brake. They are the focuses
of the current related research. A growing number of
researchers are now exploring ways of reducing the weight
of muzzle brake without altering its performance.

2. State of The Art

With the development of computational fluid dynamics
(CFD) technology and the improved performance of
computer in recent years, CFD methods have been
increasingly used to guide muzzle brake design. Domestic
and foreign scholars have utilized various methods to study
the flow field, especially the structure of muzzle blast flow.
Zonglin Jiang solved Euler equations by using a dispersion-
controlled scheme implemented with moving boundary
conditions [1]. Xiao-hai Jiang et al. applied the AUSMDV
scheme to solve Euler equations and the dynamic chimera
grid technique to simulate the flow field of the launching
process with a moving projectile in a nearly realistic
situation [2]. Zhang Huan-hao et al. simulated the flying
away of a high-speed projectile from the bores through
different muzzle brakes by using a high-resolution Roe
scheme and the structured dynamic mesh techniques based
on the 2D unsteady Euler equation [3]. The sound pressure
surrounding muzzle device has also been studied by many
researchers. Kuk-Jeong Kang et al. investigated the
impulsive sound attenuation for a high-pressured blast flow
field. In their study, the pressure variation of the blast flow
field was analyzed to evaluate the effect of a silencer [4].
Hafizur Rehman et al. employed a large-caliber 120 mm
K1A1 tank gun to analyze the high-pressure impulsive
sound generated during the blast flow [5]. Jonghoon Bin et
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al. studied the impulsive noise produced by complex flows
discharging from a muzzle and analyzed the basic structures
that generate impulsive noise [6]. Guo Ze-qing et al. studied
the effects of the precursor flow on the muzzle propellant
flow field [7]. A. Merlen and A. Dyment applied ultra-high-
speed visualization to observe the flow that follows the
discharge of firearms [8]. M M Biss et al. studied the
shadowgraphy of shock waves from explosions and
gunshots in large fields-of-view [9].

However, all of these studies are focused on the structure
of the flow field and the pressure produced by the muzzle
blast around different muzzles. The effect of the complex
muzzle flow on muzzle brake has not been reported in the
corresponding literature. This research gap can be bridged

by fluid-solid coupled numerical simulation. Grétarsson et al.

considered the numerically stable fluid-structure interactions
between compressible flow and solid structures [10]. Wang
et al. established computational algorithms for tracking
dynamic fluid-structure interfaces embedded in boundary
methods [11]. This method has been applied in many fields,
such as the flood flow in arteries, the fluid flow in pipelines,
and the fluid-structure interaction analysis of compressor
blades [12], [13], [14], [15]. The results prove that this
technique obtains calculation results that are close to the
actual working conditions, and it provides a higher accuracy
theory for designing of the structure.

The main purpose of the study is to conduct numerical
simulations based on CFD technology and loosely fluid-
solid coupled method to analyze the force and stress of
muzzle brake. The flow field of a muzzle brake was
simulated, and the force produced by every row of side holes
and baffles was then analyzed. Then the stress of the muzzle
brake was studied by loading the gas force on the
corresponding surfaces of the muzzle brake. The results of
this study provide some reference to the structural
optimization of muzzle brake.

3. Methodology

3.1 Muzzle brake model

The muzzle brake structure in this paper is shown in Fig. 1.
As shown, the model is made up of a main-body and many
baffles. There are six rows of holes on the main-body, and
the side holes of each row are symmetrical. Propellant gas
sprays from the holes from the first to the sixth row in
proper sequence. The two side holes of the first row are
inclined to the front to reduce the impact of high-pressured
and high-temperatured propellant gas on the rear side of the
muzzle brake by changing the direction of the propellant gas
through the other side holes, while the lateral holes of the
other five rows are inclined to the rear mainly to reduce the
recoil force.

(a) the material object of the muzzle brake

main-body

baffle

(b) the established model

Fig. 1 Schematic diagram of the muzzle brake

3.2 Fluid Mathematical Model

To simulate the complex flow through the muzzle brake, 3D
N-S equations are used for the governing equations.
Chemical reactions are assumed to have an insignificant
effect on the flow. The equation can be expressed as follows:
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where U is the variable to be solved, F,G, and H are the
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q,=—k=— 4, =7k30 ¢ =—k=-

where p is density, u, v, and w are Cartesian velocity
components for the x, y and z directions, respectively, p is

the pressure, & is the conductivity of the gas, 7, represents

the viscous stresses, and e is the total energy per unit volume,
which is defined as

__ P 1 2, .2 2
e—ﬁ+5p(u +v +w), 2)

Parameter y denotes the specific heat ratio. The ideal-gas
equation of state is defined as

P=pRT. (3)
The Prandtl Number is expressed as
c
P=-Lp=~0.72, 4)
k
and u is given by
.
u=_C

'T+C,

Eqgs. (1) to (5) constitute a closed system of equations.

()

3.3 Solid Mathematical Model

. AF
The stress formula GU:AIJ,TO(U) , in which AF, is the

force in I direction and A4, is the stress area in the I

direction.
The force balance equation:

do, dT, Ot
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where 0,0 y, 0, are stress components,
7,.7. 7T, T, T, T, areshear stress components, and £,

F, ,and F, are the volume forces on the three coordinate

axes.
The equation of strain compatibility is
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where € ,€,,€_ are strain components, and

Vo, VeV ?y Y., 7,, are shear strain components.

The constitutive equation is

1
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1
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where E and U respectively represent the elastic modulus
and Poisson's ratio.

3.4 Turbulence Model

The Spalart-Allmaras model is applied for turbulent flow
calculation. It includes a developed single-equation model
and is effective for simulating boundary layer flow fields for
adverse pressure gradient problems. The transport equation
for turbulent energy of the Spalart-Allmaras model is
expressed as follows:

apk) opku) _ 9 [EuﬁhﬁLJjﬁz}+

ot dx,  ox, i

2

+ %_1_% %_ C k_g
H axj ox, ax, PEn /

From left to right, the terms represent transient,
advection, diffusion, generation, and dissipation effects,
respectively. The turbulent viscosity is calculated by the
following Kolmogorov-Prandtl expression

)

u,=pC,kl, (10)

c,,C,, Cﬂ are empirical coefficients.
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3.5 Initial and Boundary Conditions

Initial conditions include velocity, pressure, density,
temperature, etc. In the internal ballistics period, the friction
between the projectile and the tube is assumed negligible,
and the driving force acting on the projectile can sufficiently
overcome the friction and the drag force to keep the
projectile moving inside the tube. When the projectile begins
to move out of the tube, the motion of the projectile obeys
Newton’s law. The loading conditions include the pressure,
velocity, and temperature of the propellant gas in the tube.
All the distribution of parameters can be obtained by solving
the internal ballistics.

The boundary conditions used in this simulation include
plane symmetric boundary, moving boundary, wall
boundary, and pressure outlet boundary. Plane symmetric
boundary and pressure outlet boundary are shown in Fig. 2.

Plane symmetric muzzle brake

barrel

pressure outlet Lo
projectile

Fig. 2 Boundary conditions

3.6 Fluid-solid Coupled Mathematical Model

In the gun firing process, the muzzle brake has a remarkable
influence on the flow field. By contrast, the deformation
caused by fluid flow on the muzzle is insignificant.
Therefore, one-way fluid-solid coupled method is used in
this study. The geometrical compatibility conditions and the
equilibrium conditions on the coupled interface must be
satisfied. In this study, the boundary conditions applied on
the fluid-solid coupled interface are as follows:

, (11)

where M is the fluid-solid coupled interface, the
superscript / and s represent the values associated with the
fluid and solid, respectively, n is the unit outward normal of
fluid and solid sub-domain, and T is the stress. In the
equilibrium conditions, the action of the shear force applied
on the fluid-solid coupled interface by the gas flow is
neglected because this shear force is smaller than the
pressure force.

4. Simulation Analysis and Discussion

4.1 Method validation with experiments

To verify the correctness of the calculation, the efficiency of
muzzle brake is calculated by wusing the efficiency
calculating formula, which can be expressed as

- E MW MW 2
TI=%X1OO%= 0 m;\i[OW Tl 100% (12)
0 0" max0

where the subscript label 0 and 1 represent without and with
the muzzle brake. M is the quality of recoiling parts and W is
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the free recoil velocity of the tube at the start of the
aftereffect period.

Computational results reveal that the efficiency of the
muzzle brake is 44.08%, which is close to the experimental
efficiency (43%). The error is 2.5%, suggesting that the
calculation assumptions based on the unsteady flow and the
calculation method are correct.

4.2 Muzzle brake force analysis

Fig. 3 shows the force history of the muzzle brake. Fig. 3(a)
presents that the precursor flow has an insignificant effect on
the muzzle brake in the interior ballistic period. Meanwhile,
Fig. 3(b) illustrates that the muzzle brake force rises rapidly
within 1 ms. At the beginning of the aftereffect period, the
high-pressured propellant gas begins to flow out the side
holes of the first row first, at point A. The pressure acting on
the side holes provides force to the muzzle brake, causing
the force curve generate the first rise approaching point B.
Then, the high-pressured gas expands into the chamber,
which is located before the holes in the second row, and acts
on the surfaces of the side holes and their baffles of the
second row. After that, the muzzle brake force curve rises
rapidly until point C. Following that, the propellant gas
spreads to next chamber and produces recoil force firstly and
muzzle brake force secondly. The CD curve shows the
changing process of the force. Next, the propellant gas
passes through the following chambers in the same way.
When the propellant gas flows out of the muzzle brake,
recoil force is produced by the pressure acting on the surface
wall at the front end of the muzzle brake, and the muzzle
brake force is reduced gradually.

1200 -

I

muzzle brake force

1000 |

800 |

600 |

F/KN

400 -

10 30 40

t/ms

1200 -

muzzle brake force|

1000 -
800
E 600 |
=
400 -
200
0~A, . .
5.0 5.5 6.0
t/ms
(b)

Fig. 3 Force history of the muzzle brake

Fig. 4 shows the force history of the holes and their
baffles of each row. In Fig. 4(a), in the bore movement
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period, when the projectile is close to the muzzle brake, the
muzzle brake force is relatively small. The reason is that no
propellant gas is being ejected, and only the precursor flow
affects the holes and their baffles of each row. In Fig. 4(b),
in the aftereffect period, although all side holes and their
baffles have the same structure, except for the holes of the
first row, the maximum force values produced by the holes
and their baffles of each row do not appear at the same time
and change from 706.72 KN to 274.83 KN. The numerical
values differ greatly. This characteristic suggests the
possibility of improving the efficiency of muzzle brakes.
The muzzle brake force should be improved by changing the
distance between the holes of each row to ensure the
maximum force values to be approximately equal to one
another. In addition, the analysis method based on the flow
field provides a new way to calculate the efficiency of
muzzle brakes.

——rowl
201 —&—row2
18+ —d—row3
16| —v—row4
——row5
145 —<—row6
12+
5 10+
= 8r
=
6 L
4 L
2 L
A VA AN AN
-2 ; - T - T T :
3.0 3.2 34 3.6 3.8 4.0
t/ms
(@)
800 - —a— rowl
—— row2
—4— row3
600 - —v— row4
——row5
—<— rowb
Z 400}
<
=
200 +
0 f — 1 " 1
490 5.12 534 5.56 5.78 6.00
t/ms
(b)

Fig. 4 Force history of each row of holes and their baffles

4.3 Analysis of the average pressure on the main surfaces
of the muzzle brake

The muzzle brake structure is very complex. The side holes
and baffles are the main bearing parts. To acquire the
realistic and detailed stress status of the muzzle brake in the
firing process, a half model of the muzzle brake is
established to number sixty-one bearing surfaces. Except the
side holes of the first row, the other side holes and baffles
share the same structure. There are three main bearing
surfaces on two side holes of the first row, as for the rest,
there are seven. Taking the holes of the second row as an
example, the main bearing surfaces are shown in Fig. 5. §;
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represents the main bearing surfaces, where i in subscript 1
indicates the number of holes and baffles in the direction of
the flowing propellant gas, and j in subscript 2 represents the
surfaces with different colors.

/|

Lol

Fig. 5 Main bearing surfaces of the muzzle brake

In the firing process, when the projectile is passing
through the muzzle brake, there is a strong impact on the
various surfaces of the muzzle brake, and the pressure on
every surface of the muzzle brake is constantly changing all
the time. The variations of the average pressure values with
the change of time on the surfaces of the holes with the same
structure are compared. In the interior ballistic period, the
effect on the muzzle brake produced by the precursor flow is
small; as such, the time in the following analysis is recorded
from the starting time of the aftereffect period. Fig. 6 shows
the curves of the average pressure on the surfaces with the
same structure over time. As shown in the figure, the
maximum pressure values appear on the inner faces of every
chamber, the average pressure values on the surfaces with
the same structure achieve their maximum values in the
direction of the gun launch, and the maximum values differ
from one another.

The maximum pressure values and the corresponding
time for the main bearing surfaces are shown in Table 1,
which shows that the maximum pressure value on muzzle
brake can reach up to 37.4 Mpa. These results indicate that
the surface pressure is one of the key factor in the design of
muzzle brake. This value can also serve as an important
reference for the study of muzzle blast wave.

15 ¢

——5

Pressure/MPa

1 Il L L

10,5 124 143

t'ms

162 18.1 20.0

(a) Average pressure on the S;; surfaces
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Table 1 Maximum pressure values and the corresponding time for the main bearing surfaces

Surface Time/ms max pressure/Mpa Surface Time/ms max pressure/Mpa
Sii 4.95 13.36 S34 5.21 0.31
Stz 4.86 17.65 Saa 5.31 0.253
Sis 4.88 21.41 Ssa 5.43 0.206
S 4.98 12.1 Sea 5.52 0.141
S31 5.16 7.44 Sas 4.85 24.1
Sai 5.28 5.88 S3s 5.12 12.4
Ssi 5.4 4.61 Sus 5.24 10.41
Se1 5.52 3.68 Sss 5.37 8.35
S2 4.94 15.6 Ses 5.48 6.53
S5 5.13 10.08 S 4.87 32.25
San 5.25 7.94 S36 5.09 19.71
Ss2 5.37 6.25 Si6 5.2 16.12
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Se2 5.48 5.07 Sse 5.31 12.91
Sa3 4.8 34.6 Se6 5.44 10.44
S33 5.04 17.87 827 5.0 37.4
Sz 5.17 13.51 S37 5.12 26.93
Ss3 5.28 10.98 Sa7 5.21 22.8
Se3 5.36 8.69 Ss7 5.28 18.3
Sa4 5.13 0.386 Se7 5.34 19.5
408.19 Max
4.4 Muzzle brake stress analysis I 379.04
In this work, one-flow fluid-solid coupled method is used to || g;g'g 5
load the CFD calculation results on every surface of the I 2916
muzzle brake at different time. The finite element method is ] 262.45
employed to analyze the muzzle brake stress. égi'?é
Fig. 7 depicts the stress distribution of the muzzle brake, 175.01
which varies over time. The stress values are greater on the ] 14587
. M 116.72
inner surfaces than those on the outer surfaces because the 8757
high-temperatured and high-pressured propellant gas directly 58.423
acts on the inner surfaces of the muzzle brake, and the 29-273 )
pressure values on the inner surfaces are significantly higher 0.1284 Min
than that on the outer surfaces. Although the holes and
baffles from the second to the sixth rows have the same I gg(z).él\;lax
structure, the stress values of the holes of the second and 334.75
third rows are relatively larger than those of other rows at ] 306.86
any time. In addition, the maximum stress values of the | 5;151;(9);
same structure decrease from the second row to the sixth 5132
row. The maximum stress value is 624.71 Mpa, which is H 195.32
lower than the yield limit of the material (1200 MPa). 12;‘;3
Although the maximum stress satisfies the strength L1 11166
requirement, the material utilization rate remains low. The 83.77
volume and weight of the muzzle brake can be reduced by 5388‘;
changing the structure parameters, such as the baffles and (2)1?(9)95 Min
the main body to attain structural optimization.
385.94 Max
624.71 Max I 358.38
I 580.09 330.82
535.47 — 303.26
| 490.85 — 275.71
] 446-23 L 248.15
— 401.61 220.59
> 312.36 165.47
267.74 | 13701
223.12 L1 11036
] 1783 82.797
133.88 55238
I 89.257 768
44.636 ) )
0.015145 Min 0.12138 Min
(@)5.1ms 382.58 Max
485.84 Max I 355.26
— 381.74 — 273.31
—1 347.05 L 1545.99
— 31235
27765 19136
E 24295 16404
208.26 1362
] 17356 1 100.41
— 138.86 2 0‘89
104.16 54772
69400 27.454
34.768 : )
0.070127 Min 0.13677 Min
(b) 5.2 ms () 5.6 ms

Fig. 7 Stress distribution of the muzzle brake at different time (MPa)

5. Conclusion

In this work, numerical simulation of a muzzle brake flow
based on CFD technology was conducted during the firing
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process with a projectile. Then, the stress distribution of the
muzzle brake at different time was analyzed by applying
fluid-solid coupled method. The main conclusions are as
follows:

(1) The muzzle brake efficiency value calculated by the
numerical simulation was in good agreement with the
experimental value. The method proposed in this study
provides significant guidance for the performance analysis
of muzzle brake design.

(2) The muzzle brake force provided by side holes and
baffles of each row was analyzed in detail. The change of
muzzle brake force with the change of time is consistent
with the physical rule followed by high-temperatured and
high-pressured propellant gas. The analysis method can
improve the efficiency of calculation in the design of muzzle
brake.

(3) The stress distribution of the muzzle brake at
different time was analyzed by using fluid-solid coupled
method. The analysis method can be used for stress checks
of different structures in bad environments, and it greatly
reduces test costs.

The results of numerical simulation and analysis are
helpful to the design of muzzle brake, particularly for the
optimization of the structural parameters, such as wall
thickness and weight. Nonetheless, this study is hindered by
a number of limitations. The chemical reactions between the
propellant gases were not considered in the analysis. The
stress test was not verified because of the limitation of
experiment condition. In future works, the simulation results
should be verified by stress tests.
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