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Design and Optimization of Hydraulic Buffer for
a Sniper Grenade Launcher

Paihang Zhao, Yongjian Li, Dawei He, Junnuo Zhang, Penghan Gong

Abstract—Here, the optimal design of the hydraulic buffer is
studied to reduce the recoil force of a sniper grenade launcher.
According to the structural characteristics of the weapon, the
installation scheme and size limitation of the hydraulic buffer
are analyzed and calculated. The mathematical model of the
hydraulic buffer is established, and the Runge-Kutta method is
used. An optimization model is established based on design
variables of the size and spacing of flow hole as well as objective
values of buffer efficiency and effect. Moreover, the
optimization model is obtained by a particle swarm
optimization algorithm. The dynamic simulation and shooting
test of the optimized scheme are conducted. The influence of
hydraulic buffer on the movement of weapon components and
its cushioning effect is compared with the original weapon. The
results show that the hydraulic buffer can absorb some recoil
energy of the automatic mechanism and reduce the peak
velocity of each component. The peak recoil force and impulse
of the weapon are reduced by 21.0% and 6.5%, respectively.
The recoil impact of the weapon is effectively reduced by
installing a hydraulic buffer.

Index Terms—sniper grenade launcher; hydraulic buffer;
PSO; optimization design; recoil force

. INTRODUCTION

In recent years, with the development of various recoil
reduction technologies, various light weapons have been
developed in the direction of high precision, large range, and
low recoil. A sniper grenade launcher is a single-armed
weapon for precise attack. Under the action of spring, rubber
and other cushioning components, the recoil force can be
greatly reduced, ensuring that it can be shot
shoulder-to-shoulder. However, the recoil force is still larger
than other shoulder-to-shoulder shooting weapons. It is
necessary to find effective methods to further reduce the
recoil force.

Hydraulic buffer is a device that converts mechanical
energy into thermal energy using viscous damping of fluid
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flow. It can effectively reduce vibration and noise, decrease
mechanical failure and prolong the service life of the
equipment. Hydraulic buffer is intensively used in light
weapons. Lin et al.™ and Chen et al.!”! applied hydraulic
buffer in a 12.7 mm rifle, which can significantly break the
barrel recoil and reduce recoil forces. Gong et al! [
discussed the application of hydraulic buffer in an automatic
grenade launcher, which can greatly reduce the recoil force.
Zhang et al.l compared and analyzed the spring and
hydraulic buffer on a hoe of a grenade launcher, and found
that the effect of reducing recoil is the most obvious when
using a hydraulic buffer. Duym and Raymond®™ ™ studied the
heat conduction law of the hydraulic buffer and proposed a
new model based on heat conduction. Wang et al.”!
optimized the design of the multi-hole hydraulic buffer using
an intelligent optimization algorithm, which improved the
cushioning performance.

According to the structural characteristics of a sniper
grenade launcher, the effective scheme of installed hydraulic
buffer in the weapon by means of theoretical calculation,
optimization design, simulation analysis and test verification
is investigated in this study.

Il. STRUCTURAL PRINCIPLE OF A SNIPER GRENADE
LAUNCHER

A sniper grenade launcher belongs to a barrel short recoil,
semi-free gun machine-type weapon, and its structural force
sketch is shown in Fig.1. The main forces in the launcher are
spring force, buffer force, bore force, resistance, support
force of bracket and shoulder force of shooter.
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1-outer casing component; 2-barrel casing component;
3-automatic mechanism body; 4- automatic mechanism head;
5-return spring; 6-recoil spring; 7-cushion I ; 8-cushion II

Fig.1 The force diagram of the launcher
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In Fig.1, Fg; is the shoulder force; Fis the support force of
bracket; Fyc is the cushion force between the casing and the
outer casing; Fpc is the cushion force between the automatic
mechanism and casing; Fy is the recoil spring force; Fy, is the
return spring force; Fyis the bore force; Fy is the pulling
resistance; Fp is the throwing resistance; f; is the friction
force between the automatic mechanism body and casing; f,
is the friction force between the automatic mechanism head
and is casing; fs is the friction between the casing and the
outer casing.
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Fig.2 Velocity curves of components

The launcher is mainly composed of barrel and casing
components, floating guide rail components, automation
components, launcher components, cartridge drum, and
bipod, etc. Because of the existence of many complex parts of
the launcher and the model as well as the relatively weak
modeling function of Adams software, Pro/E software is used
to build its three-dimensional model, and Mechanism/Pro
model is applied. Blocks are imported into Adams software
to ensure the accuracy of the model.

In the process of modeling, the following simplifications
and assumptions are made for weapon systems:

(1) Ignore the minor factors affecting the motion of the
machine, merge components without relative motion, and
ignore small mass non-critical parts;

(2) Without the consideration of the inertia of all springs,
the spring damper is replaced by the spring damper in the
software based on the type of springs.

(3) The launcher is a shoulder-to-shoulder launching
weapon with small recoil force, and the ground support force
has little influence on the shooting process when the shooting
angle is zero. Therefore, the interaction between the hoe and
soil is simplified to a common rigid body contact problem.

The velocity curves of the automatic mechanism, casing
and outer casing of the launcher during the whole shooting
cycle are shown in Fig.2. The muzzle direction of the
launcher is set as the negative direction of motion. After the
weapon is fired, the automatic mechanism drove the barrel
casing to recoil together for a certain distance and then
unlocked. The automatic mechanism continues to accelerate
recoil under the bore force, until the mark 1, and the effect of
the bore force ended. The casing recoils to the last place at
mark 2, and then pushes the outer casing recoiling. The
automatic mechanism reduces the recoil under the force of
the recoil spring, friction, throwing and others. It recoils to
the last place at the mark 3 and pushes the barrel casing

recoiled, and the barrel casing pushes the outer casing
recoiled. Under the recoil spring, the automatic mechanism
starts to return at mark 4, and return to the place at mark 5, the
shooting journey ends.

I1l. BUFFER DESIGN AND CALCULATION

Hydraulic buffers use oil viscous to absorb mechanical
energy into heat energy dissipation. The piston recovery
process only has the spring elasticity, which provides less
thrust back to its connecting parts. Therefore, it can be
considered that hydraulic buffers could consume the most
absorbed mechanical energy. In the shooting process of a
weapon, the recoil kinetic energy of a weapon mainly comes
from the impact between the casing and automatic machine.
Therefore, a hydraulic buffer is added between them to
absorb the recoil kinetic energy and reduce the recoil force.

A. Buffer Installation Scheme

Based on the gap in the middle of the sleeve, the hydraulic
buffer is fixed at the bottom of the sleeve to alleviate the
impact between the automatic machine and the casing. As
shown in Fig.3(a), L1 is the automatic machine recoil stroke.
When the automatic machine starts to recoil and the recoil
stroke remains L2 (in Fig.3(b)), it contacts with the impact
head of the hydraulic buffer, and starts to compress the piston
rod of the hydraulic buffer. When the automatic machine
finishes recoil, the buffer function of the hydraulic buffer is
completed, as shown in Fig.3(c). Hence, the buffer stroke of
the hydraulic buffer L3 should not less than L2. Therefore,
the design scheme of the hydraulic buffer should satisfy the
following conditions:

>L
{L3 ’ (1
Dy <P

Where (Dhcq is the outer diameter of the hydraulic buffer,

and @y, is the inner diameter of the recoil spring.

Automatic mechanism
Hammer base Recoil spring

Front sleeve

Sleeve
Hydraulic buffer

(a) The buffer mounting position

(b) The automatic machine recoiled to contact buffer

(c) The automatic machine recoiled to buffer function
completed
Fig.3 The buffer stroke diagram of hydraulic buffer

Volume 28, Issue 2: June 2020



Engineering Letters, 28:2, EL._ 28 2 16

B. The Structure Design of Hydraulic Buffer

Common hydraulic buffers include fixed orifice,
multi-orifice, and throttle rod, etc. The fixed orifice is seldom
used because of its uneven cushioning force. It is difficult to
process a throttle rod type. Therefore, in this study, the
porous hydraulic buffer is considered.

The structure principle of the multi-hole hydraulic buffer is
shown in Fig.4. When the load is suddenly loaded on the
piston rod, the hydraulic oil in the high-pressure chamber
flows through the damping hole with high velocity. Because
of the compressive and viscous action of the hydraulic oil, the
mechanical energy of the impact load is transformed into the
hydraulic energy, and the pressure energy is transformed into
the thermal energy, which is eventually dissipated in the air.
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1. Cylinder block 2. Reset spring 3. High-pressure chamber
4. Damping hole 5. Low-pressure chamber 6. Piston rod 7.
Cylinder head

Fig.4 The porous hydraulic buffer

C. Buffer design calculation

The mechanical analysis of the buffer is shown in Fig.5.
Because the rear end of the buffer is connected with the
sleeve and contacted with the rubber cushion, the hydraulic
cushion is compressed at the same time when the automatic
machine recoils in place. The mechanical model of the rubber
cushion is simplified as a stiffness and damping system. The
parameters of the system in the sense of minimum variance
are obtained by fitting the test data as follows:
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Fig.5 Force analysis of buffer

C1 Mathematical model

(1) Force Analysis of Piston Rod

After the automatic machine recoils in place and contacts
the piston rod, the hydraulic buffer is compressed.

The motion equation of the piston rod is described as
follows:

dv,
ml_lz_plsl_FtlJ'- P,S, — fl_

dt
Where m, is the mass of recoil body (automatic

fz_Ffj (3)

mechanism and piston rod); V, is the recoil velocity of the
recoil; t is time; p, is the pressure of high-pressure
chamber; S, is the cross-sectional area of high-pressure
chamber; P, is the pressure of low-pressure chamber; S, is
the effective area of piston in low-pressure chamber; fl and
1:2 are friction forces between piston rod and cylinder head,
plug and piston sleeve; F,, is the spring force of the buffer
reset spring; Ffj is the recoil spring force.

(2) Force Analysis of Buffer Cylinder
Rubber cushion is compressed by the cylinder block of the
buffer, and the equation of motion is expressed as follows:

dv
m,—2=ps +F,—

v p,S, + f,+ f,+F;—F

xj1

%<0 (4)

KX, +Cyv, ,X,>0

where m; is the mass sum of the cylinder body and sleeve
of the buffer; F,; is the rubber cushion force; x, is the
displacement of the cylinder body recoil; v, is the velocity of
the cylinder body recoil.

(3) Flow Equation of Damping Hole

For thin-walled holes, the flow equation is expressed as
follows:

¢, =CA /—Z(plp_ P2) (s

where @, is the flow through the damper hole; C is the

flow coefficient (0.60-0.62); AC is the flow area through the

damper hole; 2 is the density of hydraulic oil.
(4) Clearance Flow Equation of Piston and Piston Sleeve
Fit
There is a fit clearance between the piston and piston tube,
which leads to the formation of an annular gap. In addition,
some oil would flow out of the gap. As shown in Fig.6, the
flow equation of the gap is described as follows:
7DAp ; 7nDv
q, = o —
12l 2

Where @, is the flow through the annular gap; D is the

o (&

piston diameter; L is the piston width; & is the piston and
piston pipe clearance.
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Fig.6 The diagram of piston and piston pipe fitting clearance

(5) Compressibility Equation of Hydraulic Qil

Because the oil pressure of the low-pressure chamber
changes slightly during the buffer process, it is
approximately considered that the oil pressure of the
low-pressure chamber does not change. The volume of
hydraulic oil varies with pressure. The compressibility
equation is described as follows:

K=-V ﬂ
dv
where K is the bulk modulus of elasticity of oil and V is the
volume of the high-pressure chamber.
After deduction, it can get:

P

o__Kdv g
dt V dt

dv
E:VO—(qﬁqz) (9)

Therefore, the differential equation of oil pressure in the
high-pressure chamber can be obtained as follows:

%z_ K(sH-0,-0a,)
dt S, (H—x+X,)

where H is the length of the high-pressure chamber.

(6) Flow continuity equation

The continuity equation of oil flow in the piston tube is
expressed as follows:

s(v,—Vv,)=0,+0, (D

(7) Flow-through Area Equation of Damping Hole:

A=A —X,) (12)

In summary, the differential equations of the buffer are
expressed as follows:

(10>

av,
m—t=-ps—F+p,s,-f-

1 dt f2 - Ffj

dv.
m, T: =psS + Fu

dp, _ K(sH-g,-q,)
dt S, (H=x+x,)
dixlzv1

dt

dx,
—2=v
dt 2

C2 Simulation calculation

—ps,+ i+ f+F—Fy

(13)

Input characteristic parameters contain C, p, u, f1, 5, and K.
Component parameters are my, My, P1g, P2o, aNd Vog. The flow
hole area curve is expressed as A:(x;-X,). The initial velocity
of piston rod motion is calculated by momentum
conservation according to the recoil velocity of the automatic
mechanism vy,. The fourth and fifth order Runge-Kutta
methods with variable step size are used to solve the
equations. As shown in Fig.7, the hydraulic resistance of the
automatic mechanism recoil-in-place compression buffer can
be obtained.

700

600 -

w B [4.]

o o o

[=] o o
T T T

Buffer force/N

[\]
o
o

100

O L
0.02
Cushion stroke/m

Fig.7 The hydraulic resistance curve
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From Fig.7, it can be seen that the initial scheme of the
buffer is remarkably different from the ideal damping curve
of the buffer, and the buffer efficiency is not high. It is
necessary to further optimize the buffer.

IV. PARAMETER OPTIMIZATION

A. Optimizing Model

Al Determination of Independent Variables

The buffer force curve of the porous hydraulic buffer is
mainly related to the area and location of the flow hole.
Therefore, the diameter and spacing of the flow hole are
selected as optimization variables:

X =[d,d,d, 1L, 1]

where n is the number of holes; d. (i =1,2,---,n) is the

diameter of the i hole; |.(1=12,---,n) is the distance

between the first hole and the i hole; |, is the distance

between the first hole and the end face of the piston at the
initial position.

A2 Obijective function

Buffer efficiency is used as an evaluation index for the
buffer performance, and its calculation method is shown in
formula (15). The buffer with high buffer efficiency could
absorb more energy under the same buffer force and provide
a better buffer effect.

SR -(x(0)-x(-D)

Frax - X

max max

(15

n

where 77 is buffer efficiency; F is buffer force, and X is
buffer stroke.
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Due to the limited installation space of the buffer, the
volume of the buffer is confined. However, the recoil
velocity of the automatic mechanism is relatively high, and
the hydraulic buffer could only absorb part of the energy of
the automatic mechanism. While the residual kinetic energy
is still absorbed by the buffer system of the weapon.
Therefore, when the initial velocity is constant, the reduction
of the velocity of the automatic mechanism after the buffer
action is also regarded as an index to measure the
performance of the buffer, which is called the buffer effect.
In addition, its calculation method is shown in Equation (16).

The bigger 5\/ is, the more mechanical energy the buffer
absorbed, the better the buffer effect.

V, —V.
5\/:& (16)

VO

Therefore, the linear proportional weighted summation
method is used to set the objective function using the above
two indicators. The calculation method is expressed as
follows:

max z=on+m,0, (17)

where @, and @, are the weight of buffer efficiency and
buffer effect, respectively. In order to focus on buffer effect,
let =04, @,=06.

A3 Constraint condition

For the design of the hydraulic buffer scheme, a small
aperture of throttle hole may lead to large cushioning force
and difficult processing, and vice versa. Therefore, the
following constraints should be considered comprehensively:

05<d.(i=12-,n)<3
3<1(i=12,n)<20

$1<l 3
i=1

where L is buffer travel length.

(18)

B. Optimizing Model

For the solution of the hydraulic bumper, it is necessary to
use the cyclic iteration method of calling equations. The
relationship between the objective function and independent
variables is highly non-linear. Therefore, a stochastic
algorithm without differentiability and continuity is adopted
to solve this problem.

PSO is a group-based optimization tool with global
optimization capability. Its algorithm flow is shown in Fig.8.
Firstly, the algorithm initializes a group of stochastic
solutions and reveals the optimal solution by iteration
calculation. Then, it evaluates the individual fitness,
compares with the initial objective function value, and
preserves the particle with the smallest fitness. If it satisfies
the stopping condition, the individual with the smallest
output fitness will be saved. Otherwise, the position and
velocity of the particle would be updated and iterated until
the stopping criterion is satisfied.

‘ Initial population ‘

Evaluation of
Individual Fitness
I
Save the smallest fitness particle in
the current population

Update particle
position and velocity

Whether the stopping
iterion is satisfied or ne

Individuals with the
smallest output fitness

End
Fig.8 The flow chart of PSO

The mathematical description of PSO: In a D-dimensional
space, a population of m particles is expressed as

X =(X,-- %, X, ), where the position of the i particle is
X = (X X0+ X )| and it velocity is

T . ) .
V, =(Vi,Vip,-++,Vpp ) . Its individual extreme value is

p, = ( Pirs Pizss s Pio )T ; the global extreme value of the

populationis p, :(pgl, Pyz: s Pyo )T . According to the
principle of the following current optimal particle, the
particle X; would change its velocity and position based on
formula (19) and formula (20).

v; (t+1) = vy (1) + e (py (8) =% (1))

+¢,1, (g (1) =% (1))

X; (t+1)=x; (t)+v, (t+1) (20)

where 1=1,2,---,m , and j=1,2,---,D . m is the
population size; @ is inertial weight; t is current

(19

evolutionary algebra; I} and I, are random numbers

between 0 and 1; C, and C, are the learning factors.

C. Optimized results

The number of iterations is 100, and the number of
particles is 60 with PSO. The optimum number of fluid holes
in buffer flow is 3, 4, 5 and 6. The optimum number of holes
is 4. The optimum results are shown in Table 1. The
optimized hydraulic resistance curve of the hydraulic buffer
is displayed in Fig.9. Compared with Fig.7 and Fig.9, the
hydraulic resistance of the hydraulic buffer is obviously
smooth. Moreover, the buffer efficiency is increased from
0.435 to 0.882, and the buffer effect is improved from 0.142
t0 0.261.
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TABLE |
COMPARISON OF PARAMETERS BEFORE AND
AFTER OPTIMIZATION

Number aperture Hole Target
of holes diameter position variables
d, =1
i1 l, =10
Before 4 2 l,=10  0.259
optimized d, =1
l,=10
d, =1
d, =08
l,=3.1
After dz =08
o ,=33 0.509
optimized d3 =05
l,=7.9
d, =26
160
140
4
81201
S
@
£ 100
i3]
80
60 : .
0 0.01 0.02 0.03 0.04

Cushion stroke/m
Fig.9 The hydraulic resistance curve after optimization

V. PARAMETER OPTIMIZATION

A. Simulation analysis

The weight of the buffer is 300 g. In order to investigate
the influence of the hydraulic buffer on the components of
the weapon during launching, based on the virtual prototype
model of the weapon!*¥l the buffer force of the hydraulic
buffer is added to the model in the form of spline function
between the automatic mechanism and casing. In addition,
the mass block of 300 g is added to the casing to indicate the
quality of the buffer. Then, the simulation analysis is
conducted. Fig.10, 11 and 12 display motion contrast curves
of automatic mechanism, casing and outer casing with or
without hydraulic buffer, respectively.

Fig.10 shows that the velocity of the automatic mechanism
has an obvious deceleration effect under the action of buffer
force when the automatic mechanism recoils to the impact
head of the hydraulic buffer. Fig.11 reveals that the peak
velocity of the first recoil impact of the casing assembly
decreases, and the velocity decreases correspondingly when
the recoil energy remains unchanged due to the increased
mass caused by the installation of the hydraulic buffer. Mark
2 is the second recoil of the barrel casing assembly driven by
the automatic mechanism after the hydraulic buffer action.
Because the hydraulic buffer absorbs partial automation

energy, the energy acting on the casing decreases accordingly.

Therefore, the recoil velocity of the casing also reduces to a

certain extent. In Fig.12, the recoil kinetic energy of the
casing component mark 1 decreases, resulting in a
corresponding decrease in the recoil velocity of the outer
casing. It suggests that the recoil velocity of the casing
assembly and the outer casing assembly decreases
correspondingly after the buffer action of the hydraulic
buffer. The hydraulic buffer effectively absorbs some recoil
energy and reduces the recoil impact between components.
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Fig.10 The contrast of motion curves of automatic
mechanism

Vool ——No hydraulic buffer
- - -Hydraulic buffer

Velocity/m/s

0 0.02 0.04 0.06 0.08 0.1
Time/s

Fig.11 The contrast of motion curves of the casing

——No hydraulic buffer
- - -Hydraulic buffer

Velocity/m/s

]

0 0.02 0.04 0.06 0.08 0.1
Time/s

Fig.12 The contrast of motion curves of the outer casing
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B. Shooting test

According to the optimized design scheme, the hydraulic
cushion parts and assembly scheme are designed, which
mainly consists of piston rod, cylinder head, oil storage
cotton, piston, cylinder liner, cylinder block and reset spring.
Its three-dimensional model is demonstrated in Fig.13, and
its morphology is illustrated in Fig.14. The factory
commissioned customized processing of hydraulic buffer
parts, as shown in Fig.15.

0il Storage Cotton 7 Cylinder Block
Cylinder Cover Piston  Cylinder Sleeve

Piston Rod

Reset Spring

Fig.13 The structure composition of hydraulic buffer

Fig.14 The three-dimensional model of hydraulic buffer

Fig.15 The physical drawing of the hydraulic buffer

The launcher is fixed on the launcher. An AFT-L2 force
sensor is installed between the tail end of the launcher and the
shoulder bracket of the launcher. The data acquisition
instrument record the sensor signals in the shooting process.
The composition of the test system is revealed in Fig.16. The
recoil force curve can be obtained by filtering and denoising
the collected signals and unit conversion. Fig.17 and Fig.18
display the contrast of the recoil force curve and recoil
impulse curve of primary launcher and launcher with the
hydraulic buffer. The test results indicate that the peak recoil
force of the weapon decreases by 21.0% and the recoil
impulse of a firing cycle decreases by 6.5%.

Grenade Force
— — Launcher
Launcher| |transducer
Data acquisition| | Computer
system

Fig.16 The recoil force testing system
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Fig.17 The recoil force contrast curve
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Fig.18 The recoil impulse contrast curve

V1. CONCLUSION

According to the structural characteristics of a sniper
grenade launcher, a hydraulic buffer is designed, which is
installed between the automatic mechanism and the casing
and used for buffer the recoil velocity of automatic
mechanism. The mathematical model of the hydraulic
cushion is established using the related theories of dynamics,
newton mechanics and hydrodynamics. The optimal design
scheme is obtained by taking the diameter and spacing of the
fluid hole as independent variables and the cushion
efficiency and cushion effect as objective variables.

The dynamic simulation analysis of the optimized buffer
scheme reveals that the hydraulic buffer could absorb a part
of the recoil energy of the automatic mechanism, reducing
the recoil velocity of the casing and the outer casing, and the
impact between the components is decreased. The results
show that the peak recoil force could be reduced by 21.0%,
and the recoil impulse could be reduced by 6.5%. The recoil
impact of the weapon could be effectively reduced, and the
comfort of the shooter could be improved.
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