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Abstract

CFD numerical simulations of muzzle brakes were performed to improve and
optimize its recoil performance. The base design chosen had significant baffle
area which is an important feature since it is the gas pressure within the port
acting on the surface area to produce the force which minimizes the recoil
force. The controlling geometric feature which limits the forward force was
identified and removed resulting in significant improvement. The optimized
design was fabricated and tested to validate the design.
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1. Introduction

There are many muzzle brakes available to reduce recoil along with many
articles and videos comparing their effectiveness. The basic principle in their
design is to have the gas generated from the powder burn to impact the
muzzle brake baffles. The high pressure gas impinging against the baffles
creates a force driving the rifle forward. The generated force is dependent
upon the pressure of the gas and the effective area of the baffle the gas is
impressed upon.

A numerical study was conducted to analyze the performance of muzzle
brakes using computational fluid dynamics (CFD). This analysis indicated
how the geometry of the muzzle break could be changed to significantly im-
prove its performance. An optimized design was then fabricated and tested.

2. Reference Designs

Muzzle brakes typically have a cylindrical shape most likely due to ease
of manufacture and cost. The number of ports varies for a muzzle brake but
it is dependent upon the powder charge and bullet caliber for the firearm.
Recoil measurements were made using four reference designs.

Figure 1 illustrates four muzzle brakes used in this testing. Two have
a rectangular cross-section and two have a cylindrical cross-section. The
rectangular shaped muzzle brakes were made by the author. The cross-
sectional shape was essentially 1”x2”. MB1 was based upon a muzzle brake
provided by [1]. MB3 was obtained from [2]. MB2 had essentially the same
cross-section shape as MB1 but with the port dimensions of those in MB3.
MB4 was obtained from an eBay site. The essential dimensional data for
these muzzle brakes are provided in Table 1.



MB1 MB2 MB3 MB4

Figure 1: Illustration of the four, 3 ported muzzle brakes used.
Table 1

Muzzle brake parameters (inches)

Parameter | Port width | Port height | Port depth | Bore diameter
MB1 .596 .800 1.880 319
MB2 325 775 1.980 312
MB3 .340 .550 .826 372
MB4 .390 .665 980 .340

3. CFD Modeling

The use of CFD for muzzle brake analysis is not new. There are many
past works as indicated in [3, 4, 5, 6, 7, 8, 9, 10, 11, 12]. In this study,
the impact of the muzzle brake was calculated for muzzle brake MB1 using
OpenFOAM [13] and integrating the HiSA solver [14] with it. The numerical
modeling is discussed more in detail at [15]. The numerical model employed a
quarter sphere for the calculation domain as shown in Figure 2. It used three
different mesh densities for a total of 1,269,378 cells. The mesh was generated
by ¢fMESH from the CfdOF workbench of FreeCAD [16]. The workbench
also generated the initial input files for the OpenFOAM simulation but these
were edited for use with the HiSA solver.

The mesh had 5 boundary surfaces with each having a unique boundary
condition. The boundary condition on the spherical surface was set to a far-
field condition, the two planar surfaces were set to a symmetry condition, the
metal surfaces were set to a no-slip condition and the surface representing
the muzzle opening of the barrel was set to an inlet condition. The inlet



Figure 2: The meshed calculation domain for the CFD simulation.

boundary conditions are described later. Figure 3 illustrates the geometry
and the location of the inlet/muzzle surface shown in red.

Figure 3: Illustration of the geometry and location of the inlet surface (shown in red).

The calculation pressures in the ports along three lines located at 7 mm,
14 mm and 21 mm above the bore’s center line are shown in Figure 4 at
t = .06 ms which corresponds to when the closest port has the largest pres-
sures. The center line of the barrel is directed along the x-axis and the ports
openings are in the z-direction. As can be seen, the port farthest from the
muzzle had little impact on the reducing recoil force. The width of the muz-
zle brake could also be reduced. There was little benefit, as shown at the
z = 21 mm location, since the pressure distribution was constant.
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Figure 4: Calculated pressures for MB1.

4. Optimization Process

Examining the pressure distribution in Figure 4 reveals two basic design
considerations. The first consideration is that the third port (the furthest
from the muzzle) has essentially no contribution on reducing the recoil force
for this load. This port could be removed from the design with no perfor-
mance penalty. The second consideration is seen in the first port (the closest
to the muzzle). The two faces forming the port at x=15 and x=30 mm have
nearly the same pressure. This results in almost the same force in the x and
negative x directions.

The first optimization varied the x directed width of the ports to ascertain
if there was a port width with maximized the x-directed force. For this
geometry and load, a port width of 19 mm was optimal and for all practical
purposes, the generated x-directed force created by one port appeared to be
independent of the other port.

A number of calculations were made for several permutations of the ge-
ometries shown in Figure 5. Only a quarter of the actual muzzle is shown
since image planes were used in the calculation to minimize the number of
unknowns. The geometries differ by two features. One feature studied was
the containment of the port gases as mentioned earlier. No existing muz-
zle brakes consider this most likely due to having minimal baffle area. The
reason that muzzle brake MB1 has such a large baffle area was not from an
attempt to reduce recoil but to direct the muzzle blast away from the verti-
cal direction for prone position shooting. The other feature studied was the
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impact of tilting the front port baffles rearward to increase the effective sur-
face area (greater surface area, less recoil) at the expense of directing gases
toward the shooter.

) MB1 configuration. ) MBI configuration with a slanted baffle.
(c) MBS5 configuration with a slanted baffle and ) MB6 configuration with a slanted baffle and
open rear baffle.. open rear baffle.

Figure 5: Hlustration of muzzle geometries used for parameter study.

Figure 6 illustrates the results of the parameter study. The baseline is the
original MB1 geometry. The second group (MB1 W x) demonstrates the
effect of tilting the front face of a port rearward for the MB1 geometry. The
x in the label refers to the width of the wedge, in mm, at the port opening.
As can be seen, once the amount of tilt exceeds a value of 6 mm, there is no
additional benefit since the pressure differential between the front and rear
faces are essentially zero.

The third grouping (MB5_x) has both the side and rear walls of the first
port minimized. As shown, there was no “bunching” of the calculated forces
as the wedge width was increased. This is a result of not having the rear
port wall confining the port gases along the axis of the barrel and producing
a force to negate the force being generated by the front port baffle.

The fourth grouping (MB6 x) demonstrates the importance of having
the side walls to confine the gases in the port so the height of the baffle can
be taken advantage of. The effect of tilting the front face of a port rearward
for the MB6 geometry is also shown. This geometry is superior to the other
three geometries. Note that the wedge angle for the 6 mm case is 13.3 degrees
(atan(6/25.4)).

Figure 7 illustrates the longer time history for three of the configurations.
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Figure 6: Illustration of CFD force calculation for the various configurations.

The amount of benefit gained by removing the rear baffle of the closet port
to the muzzle is impressive.

Figure 8 illustrates the pressures of three muzzle brakes at ¢ = .25ms.
Note that the rear baffle of the first port is providing a force that is canceling
out the force generated by the front baffle. The rear baffle of the second
port provides some counterproductive forces too but little can be done to
eliminate it except for varying the port width (distance between the rear and
front baffles) which has already been done. Removing the rear baffle of the
first port does allow more gases and percussion to propagate to the shooter
but note that having a tilted front baffle does not direct that much more
rearward and there is a definite recoil reduction benefit in having this tilt.
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Figure 7: Illustration of CFD force calculation for three of the configurations.
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(c) MB6_ 6 pressure distribution at ¢t = .25ms.

Figure 8: Illustration of muzzle pressures at ¢t = .25ms.
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5. Recoil Measurements

Recoil measurements have been done for a long time using a variety of
techniques [15, 17, 18, 19] as examples. Mounting firearm receivers on sleds
to measure recoil forces has also been done. One novel approach has been to
orient the sled on an angle as shown in Figure 9 [20]. The amount of kinetic
energy can then be determined by measuring the displacement height for a
fired round since by the conservation of energy, the transfer of kinetic energy
to potential energy will be equal. It should be noted that only cos(20)
KE will equal the potential energy for the way the firearm is mounted to
the fixture. Note that linear ball bearing blocks have friction and limited
acceleration rates so the true kinetic energy cannot be determined using this
approach but relative recoil forces can.

POTENTIAL ENERGY e

=Wxh
= Carriage Weight /200
imes thesheight
— KINETIC
ENERGY

Figure 9: Hlustrating the use of a slanted rail system to measure the kinetic energy of a
recoil [20]. Note that the potential energy is actually W¥*h*g where g is the gravitational
constant.

The slant angle, 8, has an impact on the measurement resolution available.
The distance that the sled moves along the rods is equal to d = hyq./ sin(6).
The greater d is, the greater the resolution is. The highest resolution is when
the rods are horizontal but that would require very long rods unless there is
sufficient drag in the sled fixture.

The equation of motion for this system is

F=ma"=—-F,— F, (1)

where m is the system mass, x is the position along the rail, z” is the second
derivative with respect to time, Fj, = mg is the restoring force of gravity, g,
and Fj is the resistive drag force of the system. Integrating twice yields the
solution to this system as

z(t) = .5(g + Fy/m)t* +at +b (2)
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The excitation of the system caused by the firing of the firearm is extremely
short (&~ 1 ms) compared to the response time of the system. This lends
itself to the use of the initial conditions z(0) = 0 and 2'(0) = v, to determine
the coefficients, a and b. vy is the velocity of the firearm in the horizontal
direction. The coefficients are:

a = vg cos(h),
b=0

and the parameter maximums are:

tmaz = vocos(0)/(g + Fy/m),
Tmae = -5 % V3 cos?(0) /(g + Fy/m),
Pmaz = Tmaz Sin(0) = .5 % v3 cos?(0) sin(6) /(g + Fy/m).

Forawvy =7 ft/s, Fy = 0 and 0 = 20 degrees, tee = -2'S, Tmae = 8.6” and
hmaz = 2.7". Fy is the force required to move the system (firearm mounted
to the rails). This can be measured with a simple force scale attached the
rails’ carriage pulling parallel to the rails.

A downside to this fixture, as shown, is that when the sled returns to
the initial position, it is traveling at several ft/s and abruptly lands into the
base.

Gravity can be used in other configurations to impede the recoil during
measurements. One configuration is to vertically position the rails with the
firearm pointing vertically downward with a bullet catcher on the floor. This
is much more compact and provides the full firearm velocity. For a vy = 7
ft /s, the displacement is 9.1 inches. This configuration offers more resolution
since the displacement is greater than the slanted configuration at 20 degrees.

In this study, a horizontal rail system was used to measure the recoil for
a muzzle without and with the reference muzzle breaks. The kinetic energy
generated in this configuration was absorbed using a spring as shown in
Figure 10. An o-ring on one of the rails was used to mark the maximum extent
of the carriage displacement. The spring was acquired through McMaster
Carr with the part number of 5108N647.

The equation for motion when a spring is used as a restoring force is

F=ma"=—-F,—-F, (3)

where m is the system mass, x is the position along the rail, 2” is the second
derivative with respect to time, Fy, = a,x + b, is the restoring force of the
spring, and Fy is the resistive drag force of the system. The ODE then is

2"(t) + as/mx = —(bs + Fy)/m. (4)

The solution to this system is

z(t) = acos(wt) + bsin(wt) + x,, (5)
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Figure 10: Fixture for spring stretching force measurement.

where w = \/(as/m) is the natural oscillation frequency.
Solving for =, (the particular solution being a constant) yields

0+ as/mx, = —(bs + Fy)/m
x, = —(bs + Fy)/as

The constants a and b can be determined with the initial conditions z(t) =
0 and 2'(0) = vg. The first condition defines a to be

a = —(bs + Fu)/a, (6)

and using
2'(t) = —aw sin(wt) 4 bw cos(wt) (7)

with the second condition defines b to be
b=1y/w. (8)

The maximum spring displacement and time occurs when v = 2/ (t,,4) =
0. These values are given by

tmae = atan(c2/cl) /w
Tmaz = €1 cos(Wtpar + €2 8in(Wtnas) — (s + Fy)/as

or

Tomaz = \/Z012 +c2?) —cl
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Figure 11: Illustration of muzzle brake MB6 6.

Note that a spring is not the only way to generate a force to resist or
restore the system. One could induce greater drag into the rail system by
having a frictional clamp mounted to the rail as long as it was consistent
between shots. This would eliminate the abrupt stopping the other configu-
rations experience. Alternatively, one could suspend a weight using a pulley
and a cable to provide another form of drag that would be constant.

6. Measurement Verification

In these measurements, the powder used was IMR 4350 with a load charge
of 43.7 grains. The bullet used was a 162 grain Hornady ELD-Match bullet
in a Remington 7-08 case. The measured muzzle velocity is 2550 ft /s for the
configuration as measured with a chronograph. Three rounds were fired for
each configuration. Figure 11 illustrates the MB6 6 muzzle brake.

Figure 12 illustrates the amount the spring stretched for each configura-
tion. Figure 13 illustrates the maximum force experience for each configura-
tion. Clearly, the MB 6 muzzle brake is superior in performance.

The resulting velocity of the firearm with each muzzle break can now
be deduced with the data shown in Figure 12 using the equation of motion.
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Figure 12: The measured stretched spring lengths for the various configurations.
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Using the measured data shown in Table 2, the spring’s force vs displacement
equation is

Table 2

Measured spring displacement

Displacement (in) | Force (1bs)
1.75 2.5
4.25 5
9 10
13.625 15
F, = 3106 + 1.081z (9)

with x in inches and F, in lbs. This makes a, = 1.081 and b, = .3106.
Note that with this linear regression, the force is not equal to zero when the
displacement is equal to zero. This is because the spring is non-linear and
is stiffer with small displacements than with larger displacements. This is
not a concern since the displacements of interest are larger where the linear
regression is accurate.

Table 3 contains the processed data for the muzzle measurements. The
initial velocity, vy is shown for each measurement. These velocity values
were found numerically by using the motion equation, Eq. 5. The velocities
listed in Table 3 generate the spring displacement using the motion equation.
Figure 14 illustrates the efficiency based upon the measured displacement and
inferred vy values. The efficiency equations used are

effyis = (1. — dis; /dis;,) * 100
effvel = (1 — UOi/UDmuz) * 100

where muz refers to the no muzzle brake case. There is a minor difference
between the two efficiency definitions. The offset is due to errors in the
measurement /model.

As shown in Table 3, the effect of a muzzle brake is to reduce the recoil
velocity. For the MB1 and MB6 6, the velocity reduction is 2.77 and 3.83
ft /s, respectively. Numerically, the velocity reduction can be calculated from
the force calculations shown in Figure 7. This is accomplished by calculating
the moment (integrating the force over time) and dividing the system’s mass
(firearm and mounting components to the rails). The CFD calculated veloc-
ity reductions for MB1 and MB6_ 6 is 2.95 and 4.09 ft/s, respectively. Table
4 compares the measured and calculated velocity reductions for these two
muzzle brakes. The variations between the measured and calculated quanti-
ties is roughly 6%, a reasonable level of variation considering measurement
and model error.
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Table 3

Firearm Results

Muzzle Brake | Displacement (in) | Force (lbs) | Velocity (ft/s)
None 14.56 16.05 7.91
MB1 9.58 10.67 5.14
MB2 9.85 10.96 5.27
MB3 10.31 11.45 5.58
MB4 9.44 10.51 5.13
MB6_6 7.75 8.68 4.08
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Figure 14: Muzzle brake efficiencies using displacement and velocity data.

Table 4

Muzzle Reduction Velocities

Muzzle Brake

Measured Reductions (ft/s)

Calculated Reductions (ft/s)

MB1

2.77

2.95

MB6_6

3.83

4.09
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7. Conclusion

A design change on a muzzle brake was made to significantly improve its

performance in reducing recoil. The geometry change which provided this
improvement was the removal of the rear port wall of the port closest to the
muzzle. CFD calculations were made for a bullet and powder load to identify
that the rear port inhibited the recoil performance. The improved muzzle
brake design was then fabricated and tested. The measurement confirmed
the calculated performance improvement.
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