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Abstract 

 The muzzle brake is intended to decrease recoil force of gun and in the past, the main attention has 

been paid to increase the efficiency in designing muzzle brakes. In this paper, in order to improve its 

efficiency, we suggest an innovative approach for blocking axis-directional flow of propellant gas by 

rotary brake after the projectile exits the muzzle. We establish the unsteady three-dimensional CFD 

simulation approach based on AUSM+ scheme for estimating the action characteristics of rotary 

brake and its effectiveness of muzzle brake. Through CFD simulation, we confirm that rotary brake 

acts safely without interference of projectile, and analyze the flow field around muzzle and determine 

the efficiency of newly-suggested muzzle device.    By comparing our simulation result with test data, 

we prove the accuracy of simulation approach used here. Thus, this shows that it is possible to 

increase greatly its efficiency by installing rotary brake in muzzle  
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1.Introduction 

 It is necessary for a gun designer to estimate 

exactly the flow field around the muzzle, for 

designing a proper muzzle brake. In general, 

after the base of projectile escapes from the 

muzzle, the propellant gas with high 

temperature and high pressure emits into the 

atmosphere, and it can cause many undesirable 

phenomena such as blast waves, acoustic 

waves, pressure waves, electromagnetic 

radiation, muzzle flash, and smoke [1]. 

 An air column driven out of the barrel ahead of 

the projectile also generates a precursor flow 

field, which makes the muzzle flow more 

complex due to the blast shock of precursor gas 

[1, 2]. 
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In addition, at the moment of firing, it is well 

known to cause many complicated, peculiar 

phenomena around muzzle because of high-

strength overpressure, high-temperature and 

high-velocity gas flow. 

This happens only at domain not far from 

muzzle (less than 100 times of muzzle 

diameter). This flow field around muzzle 

involves phenomena such as the expansion 

wave, shock wave, shear-layer and explosive 

wave. 

These phenomena, which cause at the gun 

firing, can consider as the combination of lots 

of acoustic waves from a result of the following 

four-main components.  In other words, they 

are the muzzle blast waves by propellant gas 

flowing at supersonic velocity, the shock waves 

induced by supersonic projectile motion, the 

compression waves formed by air-column 

ahead of projectile in the barrel, the acoustic 

waves by collision of weapon-parts during 

firing and so on [1-3]. 

Herein, the components which have effects on 

the recoil force of gun are the precursor 

compression waves and blast waves by air-

column ahead of the projectile, and various 

shock waves by interaction between the 

projectile and air-propellant gas. 

However, as the flow field around muzzle 

forms and changes in a very short time (less 

than a few ms), it is very difficult to analyze its 

field exactly by any experimental methods. 

Thus, in the past, many attempts have been 

tried for analyzing the flow field around 

muzzle by using CFD numerical simulation. 

Xiaohai Jiang solved the Arbitrary Lagrangian–

Eulerian (ALE) of Euler equations by using the 

AUSMDV scheme on the dynamic chimera grid, 

and discussed in detail the prominent 

characteristics including the propagation of 

first and second blast waves and the 

generation of bow shock based on the 

numerical results [2].  

Changfei Zhuo simulated the muzzle flow with 

a base bleed projectile and a gun-launched 

missile based on dynamic overlapped grids 

approach [4, 5]. In this simulation, a high-

resolution upwind scheme (AUSMPW+) and 

detailed reaction kinetics model were 

employed to solve the chemical non-

equilibrium Euler equations and then the 

development process of muzzle flows with 

base bleed projectile and the rapid 

depressurization process in the combustion 

chamber of base bleed unit were analyzed in 

detail. 

Qiongyao Qin simulated the precursor flow 

generated by the precursor gas driven out of 

the barrel ahead of the projectile and the 

development of muzzle flow with chemical 

reaction based on an inert gas labeling method 

[1]. It was demonstrated from the results that 

the secondary temperature rise in the 

intermediate region behind the Mach disk was 

attributed to combustion in this area. A high-

resolution upwind scheme, AUSM+ (Advection 

Upstream Splitting Method), and detailed 

reaction kinetics model were employed to 

solve the multispecies Navier–Stokes equations 

with finite rate chemistry. 

Ye Luo investigated the blast flow field around 

muzzle in correlation with the projectile nose 

shapes of flat-nosed, cone-nosed, and blunt-

nosed projectiles [6]. 

In the numerical simulations mentioned above, 

the precursor flow was considered as 

concluded by Schmidt [7] and Wei Lu [8], but 

such simulations were based on a simple two-

dimensional axisymmetric model. 
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In addition, many studies were conducted to 

determine the muzzle brake efficiency based 

on the blast flow field around muzzle. 

Numerical investigations of the projectile 

launch process with different muzzle brakes 

have been performed by Huanhao Zhang [9] 

with both two- and three-dimensional 

unsteady Euler equations and hybrid Roe type 

scheme. The efficiency of the three-way muzzle 

brake was calculated, which was also 

comparable to the corresponding experimental 

value. 

Hongxia Lei analyzed the forces acted on the 

muzzle with several side-blowholes through 

3D CFD simulation and estimated the muzzle 

brake efficiency [10]. 

Sherif Said carried out design optimization of 

muzzle brake for sniper rifle by using an 

analytical model for calculating muzzle brake 

efficiency and weapon recoil force [11]. 

These studies will also be helpful for 

understanding the complex phenomena 

involved while the projectile escapes from the 

muzzle.  

But most of them assumed the physical model 

of muzzle to be a simple two-dimensional 

axisymmetric, or even for three-dimensional 

model, they had studied only the typical fixed-

structure. 

Therefore, we suggest a new muzzle-device 

with rotary brake in this paper, and we are 

going to estimate the performance and 

effectiveness of muzzle device designed by 

using the unsteady computational fluid 

dynamic (CFD) simulation. 

The typical schematic of shock waves is 

schematically shown in Fig.1, which form by 

the precursor flow field and interaction of the 

projectile (escaped from barrel), gas and air. 

After escaping of the projectile from barrel, the 

flow of the main propellant gases starts to 

exhaust. 

Because the propellant gas usually exhausts 

from the barrel with pressure ratio more than 

500, the precursor blast wave is very quickly 

generated. The incident shock formed in 

muzzle terminates in the triple point, from 

which the reflected shock wave and Mach disk 

originate. 

 

Figure 1. Typical schematic of flow-field around muzzle flows by moving projectile  
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2.Numerical Techniques 

2.1. Computational Model  

In order to decrease the recoil force of the gun, 

the structure of the newly designed muzzle 

device is given in Fig.2. 

By installing the rotary brake on the muzzle 

device, it rotates around its rotary axis under 

the effect of gas pressure after escaping of 

projectile, and then, as a result, it is supposed 

to block the front blowhole through which the 

projectile has just exited. 

Therefore, it is able to increase the efficiency of 

muzzle device because the gas-escaping 

passages which consist of three blow holes will 

be changed into two blowholes, and then 

increase the front direction gas force acted on 

the muzzle brake. 

The rotary brake is designed to rotate back to 

its original position by the action of the 

gravitational force or the reaction force of 

torsion spring when gas exhausting is 

terminated and the force moment of propellant 

gas acted on rotary brake is diminished. 

The projectile diameter and inner diameter of 

the barrel are both 14.5mm and the length of 

barrel bore is 1280mm long.  

The projectile mass is 80grams and the 

propellant 30grams. 

As shown in computational model, the rotary 

brake as well as the projectile will be in motion 

during firing. The computational domain set up 

for CFD simulating of muzzle device is shown 

in Fig.3. 

In order to estimate the performance of muzzle 

device exactly, the simulation must be 

implemented from the first moment when the 

projectile starts to move in barrel to the final 

moment of aftereffect period, and the force 

acted on the muzzle device must be calculated 

at each time step. 

 

 

 

Figure 2. Structure of muzzle device with rotary brake 
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Figure 3. Computational domain to simulate the muzzle brake 

 

2.2. Numerical Method 

 

For simulating the firing process under the 

condition relatively similar to practical 

situation, CFD numerical simulation to get the 

efficiency of the muzzle brake is conducted by 

the following four-periods from the viewpoint 

of mesh generation. 

The first period is the duration when the 

projectile moves inside barrel (interior 

ballistics period). 

The second period is the aftereffect period 

when the projectile interacts with the 

propellant gas flow after escaping from barrel. 

The third period is the aftereffect period when 

the rotary brake is closed. 

Finally, the fourth period is the aftereffect 

period after the rotary brake is closed. 

In the first period, the projectile in the initial 

position of barrel bottom is accelerated under 

the effect of extremely high pressure of 

propellant gas behind that. The interior 

ballistics equations of two-phase flow 

according to the charge-burning law are solved 

by using the dispersion-controlled 

dissipative(DCD) scheme. After obtaining the 

propellant gas-state parameters such as the gas 

generation rate, pressure and temperature, the 

precursor flow is considered by using these 

input conditions, reproducing the projectile 

motion in gun bore.  

The projectile motion follows Newton’s law. 

The friction between the projectile and the 

inside surface of bore is ignored in this case. 
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The input parameters prescribed at the 

combustion chamber and the projectile motion 

are performed through UDF. 

For simulating analysis of the first period, the 

dynamic mesh approach is applied by using the 

dynamic layering method. 

Herein, for preserving the mesh refinement 

around the projectile, it is necessary to set the 

generating-zone and destroying-zone of the 

dynamic mesh layer into combustion chamber 

bottom boundary and far-field boundary, 

respectively. It allows for the fluid zone 

including projectile to conduct one 

dimensional motion on the basis of force acting 

on front and rear walls of projectile.  

It will be able to improve the precision in 

capturing the precursor compressive wave 

ahead of the projectile. 

In addition, the dynamic remeshing method is 

applied in the final part of the first period, in 

which the air column ahead of projectile has an 

effect on the rotary brake. 

In the second period, the projectile still takes in 

translational motion and the rotary brake takes 

in rotary motion at the same time because a 

torque acts on the rotary brake from effects of 

pressure wave by air column ahead of 

projectile. It is possible to model the 

translational motion of projectile and the 

rotary motion of brake together by using the 

six-degree of free (6DOF) solver of Ansys 

Fluent. Wherein, we set the motion zone 

around muzzle apart, and apply the remeshing 

method to that.  

 Because of the rapid expansion of propellant 

gas after the projectile exits the barrel, the 

dynamic mesh adaption is adopted according 

to the gas parameters in order to consider the 

generation of blast waves around muzzle. 

If the projectile is a certain distance away after 

exiting the muzzle, the blast wave formed by 

projectile will be considered not to affect the 

flow field around the muzzle because of high 

speed of the projectile. From this moment, 

analysis of the projectile motion may be 

cancelled because that is an insignificant work 

on flow computation around the muzzle and it 

is able to efficiently decrease the cost of 

computation. 

In this paper, when the projectile moves one 

meter away from the muzzle device, we 

consider that the second period finishes. 

In the third period, the projectile moves away 

enough and does not have any effect upon flow 

field around muzzle. Hence, we remove the 

projectile zone from the computational domain 

without analyzing the projectile motion and 

simulate only the rotary motion of rotary brake 

by using the dynamic remeshing method. 

The motion of rotary brake during the third 

period is computed with six DOF solver of 

Fluent. 

The unsteady dynamic mesh adaption method 

is still applied to improve the correctness of 

flow-parameter estimation in the third period. 

In the fourth period, there is no dynamic mesh 

variation and so flow variables are changed in 

the stationary flow domain and the pressure 

inside barrel decreases with time. Therefore, 

the computation during the fourth period is 

performed in the same way as that of general 

unsteady CFD computation in which the initial 

conditions are setup with flow parameters at 

the final moment for the third period. 
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Whenever transmitting from the first period to 

the fourth period, the mesh replacement is 

applied. The mesh replacement is composed of 

interpolating the solved-data based on the 

mesh of the former-period into the new–period 

mesh according to least squares interpolation 

method. 

 During the mesh replacement, the parameter 

values of flow field remain original at the final 

moment of the prior period. Hence, it is 

possible to succeed the computation data of the 

prior period within the replaced mesh of new 

period. 

It ensures the continuous flow progression 

from the time when the projectile starts to 

move inside barrel to the final moment of 

aftereffect periods. Fig.4 shows the meshes 

around the muzzle used from the first to the 

fourth periods. 

 

 

(a) the first period    (b) the second period 

 

 

(c) the third period   (d) the fourth period 

 

Figure 4. Meshes around muzzle used for simulation analysis in all periods 

 

2.3. Governing equations 
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The CFD computations during the first period 

are based upon SST k-ω turbulence model and 

the Navier-Stokes equations. 

From the second period to the fourth period, 

The Reynolds number of flow based on muzzle 

diameter is 

7 8Re 10 ~ 10
vd


= 

, so the effect of 

viscous force relative to pressure force can be 

ignored.  

Therefore, it is reasonable to perform the 

inviscid flow analysis based on the Euler 

equations in these stages. 

For this reason, the effects of viscosity and 

chemical reaction are negligible in current 

study. 

Considering these assumptions, for an ideal 

gas, the time-dependent Arbitrary Lagrangian–

Eulerian (ALE) equations of the conservation 

system in a general deformation control 

volume )(t  can be expressed as; 

( ) ( )

( ) 0
t S t

d ds
t



+ −  =

  Q F Qω n

   
  (1) 

where, [ ,  ,  , ]T

t iV E f   =Q , = +F QV G , 

[0,  ,  ]Tp p=G I V . 

,  p  are the density and pressure, respectively, 

V is the velocity vector of fluid, tE  is total 

energy per unit mass, and if is mass percentage 

of the i th component. 

)(tS is the surface which encloses the time-

dependent control volume )(t , and n is the 

outward unit vector normal to the boundary 
)(tS . 

I is the unit tensor, and ω  denotes the surface 

velocity of the time-dependent control volume 
)(t . 

The numerical scheme employed is a finite-

volume, Riemann solver and the second-order 

upwind scheme is applied to estimate the 

spatial derivative term. 

The temporal derivative term is estimated by 

the implicit time stepping method, that is, the 

dual-time formulation, and a pseudo-time-

derivative term is introduced to it.  Then, the 

Eq.(1) can be written as follows; 

( ) ( ) ( )

( ) 0
t t S t

d dV w nds
t 
 

 
+ + −  =

   Q Q F Q

 
   (2) 

where, t denotes a real physical-time, and   is 

a pseudo-time used in the time-marching 

procedure. 

Note that the second term vanishes gradually 

according to → on the left side of Eq. (2) 

and it is equal to Eq. (1). 

In the Eq.(1), the convective flux vector F is 

computed based on high-resolution AUSM+ 

scheme. 

A classical Roe flux difference splitting solver 

usually fails on very strong expansions [12]. 

AUSM+ scheme provides exact resolution of 

shock and contact discontinuities. 

 

2.4. AUSM+ Scheme 
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During spatial discretization process, it is 

necessary to estimate the quantity of F 

crossing the boundary S(t). 

In the present study, the inviscid flux is 

computed by the AUSM+ scheme [13, 14]. 

In this scheme, the inviscid flux F is splitted 

into a convection flux term and a pressure flux 

term. 

pC FFF +=       
   (3) 

where, 

QF = aMC      
    (4) 

T

p pp )0,,,0(=F      
   (5) 

where, /peH +=  is the enthalpy. 

From the expressions above, it can be seen that 

the convection term contains the Mach number 

M, the local sound velocity a and the flow 

parameter Q, whereas the pressure term 

contains only the pressure p. The flux across 

the boundary can be written; 

2/12/12/12/1 QF = aMC

    
   (6) 

Tp pp )0,,,0( 2/12/12/1 =F     
   (7) 

According to the flow direction at the 

boundary, the flow parameter Q is possible to 

obtain from the controlling-volumes on both 

side boundaries.  








=

0         

0         

2/1

2/1

2/1
M

M

R

L

Q

Q
Q

    
  (8) 

Considering that Mach number M is affected by 

this characteristic wave, the splitting function 

is used in calculating Mach number at the 

boundary. 

1
2

2 2 21 1
4 8

( )                                 1

( 1) ( 1)              1

M M M
M

M M - M


  

= 
      

   (9) 

The pressure splitting function can be written; 

1
2

2 2 231
4 16

(1 ( ))                                           1

( 1) (2 ) ( 1)            1

sign M M
p

M M M M - M


  

= 
     

   (10) 

A method for calculating the local sound 

velocity also has an effect on the computational 

accuracy. In order to guarantee the accuracy of 

capturing shock wave, the local sound velocity 

at the boundary is computed with the sound 

velocities of both sides considered. The 

expression is as follows: 










=

*

*2*

2/1

2/1
             ),min(

              /)(

auaa

auua
a

LRL

LL


   

   (11) 

In the AUSM+ scheme, the numerical flux is 

computed by dividing into the convection and 

pressure terms as above, so it avoids using an 

explicit artificial dissipation.   

3. Results and Discussion 

   Fig. 3 and 4 show the Mach number contours 

around the muzzle at different moments after 

escaping of projectile from barrel. After the 

high-pressure propellant gases escapes from 

the muzzle, it reaches rapidly at an acoustic 

condition in muzzle device and transmits the 

inner energy into the kinetic energy. At this 

moment, the moving velocities of the 

propellant gases reach about Mach 4.5. As 

shown on Fig. 3 a), it can be seen that the flow 
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field around muzzle has the asymmetry in 

longitudinal section, due to the rotary brake 

and it causes to act as a disturbance factor on 

the projectile but only in longitudinal section. 

At t=0.2ms after the start of aftereffect period, 

the different shock wave fields formed around 

muzzle and the corresponding gas-air phase 

distributions are shown in Fig. 5. At this 

moment, it is clear that the shock in gas phase 

and the blast wave in air phase are formed 

through three directions because of rapid 

expansion of propellant gases. And the incident 

shock, Mach disc, and reflected shock were 

captured clearly from three directions, 

respectively. Referring to Fig. 1, the estimation 

of flow field obtained can be considered to be 

proper. Comparing Fig. 5 b) with Fig. 7 (a), the 

bow shock is formed at t=0.17ms due to the 

effect of projectile tail, while the Mach disc is 

formed at t=0.2ms, as the projectile moves 

forwards. 

  

 

(a) longitudinal-section at t=0.04ms                       (b) transverse section at 

t=0.17ms 

 

Figure 5. Mach number contour at several moments of the 2nd period 
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Figure 6. Mach number contour of transverse section at t=5ms of the 4th period 

 

(a) Mach number  (b)  gas-phase 

Figure 7. Contours of Mach number and gas-phase at t=0.2ms  

 

As a result of CFD simulation for the muzzle 

device with rotary brake, the flow-time 

according to each period is obtained as follows; 

The first period is 0~2.5ms and the second 

2.5~2.73ms and the third 2.73~3.7ms and the 

fourth 3.7~16.4ms. 

The projectile escapes completely from the 

muzzle device at 0.1ms after the start of 

aftereffect period. In other words, the 

projectile escapes from the muzzle at 2.6ms 

after the start of motion. At the same time, the 

rotary brake starts to rotate with the effect of 

torque by means of the precursor air flow and 

the propellant gas flow followed, but its angle 

of rotation can be negligible (less than 0.1 

degree). This implies that the rotary brake 

behaves safely without the collision with the 

projectile during firing. 

The rotary brake terminates the rotating and 

blocks the muzzle at 3.7ms. 

After that a positive moment of propellant gas 

is exerted on the rotary brake all the time until 

the final moment of the fourth period and it 

ensures that the rotary brake has the ability to 

increase the efficiency of muzzle brake by 

blocking the propellant gases efficiently 

without the collision with the projectile. 

It can be known that the aftereffect time (when 

the average barrel pressure is less than 

0.2MPa) 16.4ms will be longer due to the effect 

of muzzle device compared with that (10ms) in 

the absence of muzzle device. 

In Fig. 6, the variable curves of barrel pressure 

and recoil force indicate comparatively in the 

presence or in the absence of muzzle device. 
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As shown in Fig. 6 a), the barrel pressure 

decreases slowly in the presence of muzzle 

device than in the absence of it after the end of 

the first period. 

 

 

                (a) barrel pressure                           (b) x-directional force (negative recoil 

force) 

 

Figure 8. Variable characteristics of barrel pressure and recoil force according to time, with 

and without muzzle brake 

 

Figure 9. Variable torque characteristics of rotary brake with time 

 

In the Fig. 6 b), the recoil force of gun increases 

with starting of the second period because of 

action of gas pressure on the muzzle cone, and 

at the moment of t=2.54ms, x-directional force 
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converts abruptly into the positive value, while 

the gas with a high energy acts on the rotary 

brake and baffle.  

Next, x-directional force decreases with time, 

and then, with closing of rotary brake, it 

increases a little again, because the area of 

supporting gas force increases. After that, it 

decreases exponentially with time. 

Fig. 7 shows the variable characteristics of 

torque acting on rotary brake. 

As a result of simulation, the torque of gas 

which acts on rotary brake, at the final moment 

of aftereffect period, is 0.4 NmM =gas , and it is 

greater than the gravitational moment of brake 

0.0215 NmM =g . 

This confirms that the brake will not be opened 

again until the final moment of aftereffect 

period. 

To verify the accuracy of the simulation, the 

efficiency of muzzle brake is calculated by 

using the efficiency calculating formula, which 

can be expressed as 

 

2

0 1 1 1

2

0 0 0

100%=(1 ) 100 %
E E M V

E M V


−
=  − 

  
  (12) 

where the subscript label 0 and 1 represent 

without and with the muzzle brake. M is the 

mass of recoiling parts and V is the free recoil 

velocity of the barrel at the start of the 

aftereffect period. 

Computational results reveal that the efficiency 

of muzzle device with rotary brake is 68.6%, 

which is close to the experimental result 

(64.8%). The error is 3.8% and this implies 

that the computational assumptions for 

unsteady flow simulation and the computation 

method are reasonable. 

4. Conclusion 

In this paper, we suggested the muzzle device 

with rotary brake. Numerical simulation of a 

muzzle brake flow field based on unsteady CFD 

technology was conducted concerning the 

muzzle with rotary brake, and the results of 

this study show the following conclusions. 

(i) During the projectile firing, the rotary 

brake starts to rotate with the effect of 

torque by means of the precursor air flow 

and the propellant gas flow, but its rotation 

position is a very close approximation to its 

initial position (less than 0.1 degree) until 

the moment when the projectile exits 

completely the muzzle device. So the rotary 

brake blocks the gas flow safely without 

collision with the projectile. The blocking 

action of rotary brake continues until end 

of aftereffect period, decreases the recoil 

force of the gun efficiently and increases 

the muzzle brake efficiency greatly. 

(ii) The aftereffect time in case of muzzle 

with rotary brake will be longer 

compared with that in absence of 

muzzle. 

(iii) The flow field around projectile has the 

asymmetry in longitudinal section when the 

projectile moves inside the muzzle device, due 

to the asymmetry of muzzle brake structure 

and it may cause to act as a disturbance factor 

on the projectile but only in longitudinal 

section. 

This study can provide the possibility to 

increase muzzle brake efficiency greatly by 

installing a simple rotary brake and provide 
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the methodology for designing the efficient 

muzzle brake by using CFD. 
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