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ABSTRACT

This paper presents modelling analysis and experimental testing of the performance of gun recoil system
provided with variable recoil length and braked recuperator. The gun recoil cycle is studied considering the effect
of presence of spring-loaded valve (SLV) in recoil system. A mathematical model has been developed using
MATLAB/Simulink for the 130 mm M-46 Field Gun (FG). The model is validated by comparing theoretical recoil
parameters with experimental data measured due to real firing tests. The firing tests were implemented for a new
self-propelled system of the 130 mm FG that was designed and manufactured by the Egyptian Armed Forces. The
results indicate that the recoil parameters are highly affected by the presence of the SLV. It has been found that the
measured Counter-Recoil (CR) velocity is about 11 % less than its counterpart predicted by the mathematical model
without considering the effect of SLV. In addition, the driving force during CR is predicted to be 33 % less compared
to that without considering the effect of SLV. This causes the duration of CR time period to be 10 % longer and
the resistance against CR to be about 20 % less compared to these values without considering the effect of SLV.
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NOMENCLATURE

A4,, : Cross-section area of CRM cylinder
Lv : Length of valve hole

A, : Working area of CRM piston

m, : Mass of gun recoiling parts

A,, : Working area of RM pistons

n : Polytropic exponent

A,, : Recuperator working area

n, : Number of holes in recuperator valve

A, : Throttling area during recoil

P : Air pressure force

A, : Throttling area during CR

P, : Force of powder gases

C,&C, : Recoil constants

P, : Recuperator force

c, : Damping coefficient of cradle seat

P, : Initial recuperator force

d, : Diameter of recuperator valve hole

plh, y 22 : Liquid pressures in Zones 1, 2 & 3 of
recoil brake

F, cr : Recuperator losses during CR

R, : Total friction resistances

F, . : Recuperator losses during recoil

14 : Recoil velocity

F. : Recuperator force

Ve : Initial air volume

F : Cradle seat reaction

seat
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v, : Velocity of flow in recoil brake

f : Coefficient of friction of flow in
recuperator valve

X : Recoil distance

K : Total hydraulic resistance during recoil.

€, : Coefficient of losses in recuperator SLV

K. : Total hydraulic resistance during CR.

p, : Liquid density

k, : Stiffness of cradle seat

[0} : Elevation angle

K e : Stiffness of valve spring

Q. : Minimum area for liquid flow from Zone 1

to3

1. INTRODUCTION

Gun recoil cycle is characterised by the backward and
forward motion of gun recoiling parts due to firing. Comparing
with non-recoiling weapon systems, gun recoil reduces total
force imparted to gun carriage'3. Typically, a gun recoil
system consists of three main mechanisms, namely: Recoil
Mechanism (RM) that dissipates the major part of recoil
energy, recuperator that accumulates part of this energy to be
used for Counter- Recoil (CR), and Control Recoil Mechanism
(CRM) that brakes gun recoiling parts during CR. There are
some constructions of recuperators that may be also functioned
to dissipate some of CR energy. These recuperators can be
termed as “braked” recuperators, whose study is the main
subject of this paper.

Zhang*, et al. constructed an analytical method to
identify the error between theoretical and experimental gun
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recoil displacements. Elsaady®, et al. studied the dynamic
characteristics of the recoil system of the 120-mm M256 tank
gun using MATLAB/Simulink. Balla$, ef al. studied the recoil
system located in the 125 mm tank gun. In both studies, the
recoil parameters were determined using analytical dynamic
models, and the models were validated by experimental
measurements. Miao’, et al. studied the recoil parameters of
the RM of the 155 mm howitzer.

In contrast to the analytical models discussed above,
numerical models allow the study of the flow of liquid due to
gun recoil as multi-dimensional, turbulent, compressible, and
unsteady flow problems®!2. Therefore, more characteristics can
be accounted for in these models. Huan'? et al. studied the
flow characteristics of highly nonlinear elastic colloid gel in
gun recoil systems using ANSYS/Fluent software. It should
be noted that other types of gun recoil systems can be termed
“smart recoil systems”, in which implementation of numerical
approaches is reported to be better. The smartness of these
recoil systems is manifested by their ability to considerably
control the recoil parameters and minimise the recoil impulse.
Examples of these types are soft recoil systems'®! and
Magneto-Rheological (MR) gun recoil systems®!!,

It can be analysed from the available literature that the
damping resistances of the recuperator and RM are either
modelled by the determination of the equivalent damping
coefficient of the recoil system, or by the analysis of flow and
energy equations in recuperator and RM. However, simulation
of gun recoil cycle considering the effects of presence of
braked recuperators are, to the best of the author’s knowledge,
not discussed in the literature. Moreover, modelling of the
performance of recoil systems with variable recoil length is not
frequently discussed. Therefore, this paper aims to study these
effects utilising the 130 mm M-46 FG provided with braked
recuperator and recoil system of variable recoil length.

2. CONSTRUCTION OF RECOIL SYSTEM
2.1 Recuperator

The recuperator of 130 mm FG can be classified as a
hydro-pneumatic braked recuperator whose piston is fixed to
the cradle and the cylinder recoil with the barrel assembly.
The working cylinder is located eccentrically inside the air

Direction of

Recoil

——
Intermediate  Air

Piston rod cylinder  cylinder

cylinder, as shown in Figure 1. The working cylinder is full
of liquid, whereas the air cylinder is partially filled with liquid
whose level initially locates at the axis of the working cylinder.
The air cylinder traps compressed air/nitrogen that provides
necessary energy for fixing gun recoiling parts at their most
forward position. An intermediate cylinder is located between
the working and air cylinders to prevent escaping of air from
outer cylinder into the working cylinder at high elevation
angles.

The braking function of recuperator during recoil cycle
is shown schematically by the positions of the Spring-Loaded
Valve (SLV) seen in Fig. 1. The SLV is a one-way valve that
opens during recoil causing the liquid to flow around the valve
(Flow A) to compress the air located in the air cylinder. During
CR, the valve closes causing the liquid to flow from the small
openings located in the valve (Flow B) under the effect of
compressed air.

2.2 Recoil Mechanism

Figure 2 shows the RM of the 130 mm FG. Part (a) of this
figure shows a 2D schematic drawing of the RM, whereas Part
(b) and (c) show the flow paths of liquid during recoil cycle
in the locations of RM piston and CRM valve, respectively.
The RM is mainly composed of a piston-cylinder system; the
piston rod is hollow and it works as a working cylinder for the
CRM. The piston rod is fixed to the gun recoiling parts, and the
cylinder is fixed to the cradle.

In order to illustrate the function of RM during the recoil
cycle, the following zones, seen in Fig. 2, are denoted: (i) Zone
1: represents the fluid volume in RM cylinder behind the piston,
(i1) Zone 2: represents the fluid volume in RM cylinder in front
of the piston, and (iii) Zone 3: represents the fluid volume
in the piston cavity. In addition, there are five flow paths of
the liquid shown on the figure, termed as: Flow A to E. The
throttling areas that compose these flow paths are described as
follows: (i) the short recoil grooves (paths of Flow A) are six
longitudinal grooves in RM cylinder of 30 mm constant width
and variable depth ranging from 1.5 to 3 mm, (ii) the long
recoil grooves (paths of Flow B) are four longitudinal grooves
milled on the external surface of the throttling rod. The width

Oillevel in air cylinder

Working at the centerline of
cylinder Piston  working cylinder

N

\

Piston rod fixation
with cradle

\ Spring Loaded
Valve

Figure 1. Hydro-pneumatic braked recuperator.

813



DEF. SCI. J., VOL. 74, NO. 6, NOVEMBER 2024
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Pistonrod Throttlingrod
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Piston
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Throttling ring

Short grooves
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Counter Recoil
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Figure 2. Recoil mechanism with variable recoil length of the 130 mm FG: (a) 2D view of RM in which the fluid occupies three main
zones, (b) and (c) detailed views of the RM piston and the CRM valve, respectively.

Table 1. Data of variable recoil lengths in correspondence to elevation angles, active throttling areas and flow paths.

Long recoil

Intermediate recoil Short recoil

Recoil length A,=1250 mm
Operating angles (0<p<20°)
Active flow paths during recoil A,B,C,D
Active flow paths during CR A,B,E
Throttling area (4) A A

A=780:1250 mm A;=780 mm
(20°<p<34°) (34°<p<45°)
A,B,C,D A,C,D
A,B,E A E

34—¢
[( 14 )AXL+AMJ AX:h

of the grooves is 20 mm, whereas their depth is 9 mm, and (iii)
the CR grooves (paths of Flow E) are two longitudinal grooves
of 20 mm width and 0.4 mm depth. Flow C describes the flow
in the piston cavity around the CRM, and it extends as Flow D
around the one-way valve of CRM.

During recoil, the pressure in Zone 1 builds up, and the
liquid is forced to flow from Zone 1 to Zone 2 from two paths,
namely: (i) Flow A from the short recoil grooves, and (ii) Flow
B through the inclined holes in the piston head, the openings in
the intermediate throttling ring, and through the long grooves.
In addition, the liquid flows from Zone 1 to Zone 3 (Flow C
and D). The resistances due to Flow A and B produce the main
part of recoil resistance.

During CR, the liquid flows back from Zones 2 and 3
to Zone 1. Flow A and B are reversed to manifest the flow
between Zone 2 to 1. However, the liquid flows between Zone
3 to 1 through the CR grooves, Flow E, as the reversed Flow
D is blocked by the one-way valve in CRM. The resistances to
Flow A, B, and E produce the hydraulic resistance during CR.

The availability of variable recoil length is achieved by
controlling the throttling area from which the liquid flows.
The throttling area is controlled by a mechanism that leads the
throttling rod to rotate around its axis at high elevation angles.
This rotation leads to gradual blocking of the path of Flow B
between the throttling ring and the throttling rod. In terms of
gun specifications listed in the gun service manual, the data
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of the 130 mm FG at different recoil lengths corresponding
to elevation angles and active throttling areas are listed in
Table 1.

3. MATHEMATICAL MODEL

The recoil parameters during the recoil cycle are
determined by solving the equation of motion of recoiling parts
during recoil cycle, written as follows®:

d’x av

mszmREZ B_K_])R_Rf_F;earerRgSinq) (D
where, m, is the mass of recoiling parts, X is the recoil
displacement, V' is the recoil velocity, ¢ is time, ¢ is the
elevating angle, P, is the force of powder gases, K is the
hydraulic resistance of RM, P, is the recuperator force, Rf is
the total friction resistance. R /is assumed to be constant, as it is
reported to have a very limited contribution to the total recoil
resistance®’. F__is the reaction that affects the recoiling parts
due to their bearing on cradle seat. This reaction evolves only
at X=0 (before and at the end of recoil), and it is represented in
the mathematical model by Eqn (2)°:

- 0 X<0
“ | -k X —cV, X>0 2

where, k=100 N/m is the stiffness and ¢ = 9.0 (107) N.s/m is the
damping coefficient. The values are assumed to represent the
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seat as a spring-dashpot system with a very low stiffness and a
very high damping coefficient. The non-inclusion of ¥ in the
equation of motion results in the presence of illogical harmonic
damped oscillations of the time history of recoil velocity.

The mathematical model has been established using
MATLAB/Simulink, as shown in Fig. 3. The summation of the
forces and resistances affecting the recoil cycle is divided by
the recoiling mass in order to determine recoil acceleration,
which is integrated with respected to time to determine the
recoil velocity, V. Then, the recoil velocity, V, is integrated
to determine the recoil displacement, X. In addition, since the
recoil system of the 130 mm FG adopts variable recoil length,
the structure of the MATLAB/Simulink model augments also
the effect of change of elevation angle.

The force of powder gases is determined from the
internal ballistics solution according to the data of full-charge
ammunition using the “Charbonnier-Sugot” method'*. The
impulse due to discharge of powder gases after the projectile
leaves the barrel is calculated using Bravin’s equation’, shown
by Eqn. (3). Hence, the total force of powder gases can be

determined.
v

P,=Y%Pse?® 3)
_ I AA(MB)
where, ~7 is the ratio between impulse of powder

gases during pérAiod of discharge of gases with and without
effect of muzzle brake, P, is the force of powder gasses at
muzzle, b is Bravin’s exponent, and ¢’ is the time of gas
discharge measured from the muzzle moment. The muzzle
brake parameters were calculated using the same model®,

and the values were found to be as follows: ¥=0.07, P, =104
(MPa), b=0.007, and ¢,,=0.07 (sec), where is the duration
of AAPG.

The effect of the muzzle brake is determined by studying
the flow of gases from the muzzle brake, following the same
procedure®. In that paper, the geometrical parameters of a
muzzle brake used for a sniper rifle are studied. The same
system of equations discussed in Ref. 15 is adopted in this
study for the geometrical parameters of the muzzle brake of
the 130 mm FG.

Figure 4 shows the time history of the force of powder
gases with and without considering the effect of the muzzle
brake. The effect of the muzzle brake is represented by the
negative impulse seen in Fig. 4. The superposition of values
of the two curves represents the net impulse imparted to the
gun recoiling parts. It can be analysed that the muzzle brake
considerably decreases the total impulse of powder gases,
as it nearly eliminates the impulse of powder gases after the
projectile leaves the barrel.

4 ZLEA

3.1 Recuperator Force

Recuperator force, F', , depends on the instantaneous gas/
air pressure force inside the recuperator, P . This pressure
force can be determined as a function of recoil distance, X, as
follows'®:

P =P 711"" "
v T x (@)

where, P, is the initial recuperator force, V, is the initial gas
volume inside the recuperator, 4, is the working area of the
recuperator piston, and # is the polytropic exponent whose
value is taken as 1.25.

acceleration

1

B | -
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Pressure force
X
F_Rec -
———————————»V
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Rf&QR - X
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Fai
— fai
"1 k " S |mwr
X
Hyd.resistance
v
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> =
-
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Figure 3. Structure of the mathematical model developed using MATLAB/Simulink.

815



DEF. SCI. J., VOL. 74, NO.

6, NOVEMBER 2024

x108
5 T T I T
——Total force of powder gases, P
4 — -Muzzle brake effect, F,,
3 - -
z
w2 T
@
1 ]
=]
[
oF======- 1 ===
1 -7
A+ - .
17
_2 1 | L L 1
0 0.01 0.02 0.03 0.04 0.05 0.06
Time, t (s)

Figure 4. Force of powder gasses and effect of muzzle brake.

During recoil, F, is expected to be greater than the
pressure air force, P, due to spring action of the SLV located
in the working cylinder, as shown in Fig. 1. On the contrary,
F_ . is expected to be smaller than P during CR, as the valve
closes and the liquid is forced to be throttled from the narrow
orifices in the valve causing the pressure in the working
cylinder to be smaller than that in the air cylinder.

The recuperator force during recoil can be determined
from the equilibrium equation of the forces affecting the
valve, as shown in Eqn. (5). The hydraulic losses term during
recoil, £, ., is determined using Eqn. (6) presented by Prof.
Boswirth for the study of flow and stability of SLV'.

F =P, +F, ,+k,.y

rec air lossesR (5)
P A
5 (6)

where, k, = 5000 N is the valve spring stiffness, y is the valve
displacement, £ =10.5 is the coefficient of losses during recoil,
whose value depends on the ratio between the deflection of the
valve and the radius of working cylinder, and p,= 1100 kg/m’
is the liquid density.

During CR, F, is determined, using Eqn. (7). The
hydraulic losses term during CR, F, ... is determined
by using the well-known Darcy-Weisbach equation that is
commonly used for calculating pressure drop in pipes due to
friction'®, as shown in Eqn. (8).

F;nssesR = 51 :

F;ec = air % lossesCR (7)
_ fLv.p, »
lossesCR 2,nh_dv/ PR (8)

where, /=0.025 is a friction factor, Lv=35 mm is the length of
valve hole, n,=4 is the number of holes in the SLV, v is the
liquid velocity, and dvh: 3 mm is the hole diameter.

3.2 Hydraulic Resistance during Recoil Cycle

The hydraulic resistance during recoil cycle is determined
based on applying continuity and Bernoulli’s equations to
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determine the pressures in the different zones of RM, as shown
in Eqn. (9-10)*%1%20, The following assumptions are adopted:
(i) the flow is assumed to be steady, incompressible, and one-
dimensional®?! (ii) The pressure is homogenous in each zone
of the recoil system, (iii) The effects of increase of liquid
temperature are neglected, and (iv) the head losses are only
proportional to fluid density and flow velocity®.
p, Av = constant

)

!)L’VFI2 pL'VFZ2 pL'vFZ2
YT TRt e (10)
where, p, and p, are the liquid pressures at two points along the
streamline of fluid flow, and &, is the coefficient of frictional
and local losses. Similar equations are applied for the flow
between Zone | and 3. Thus, the pressures in Zone 1 and Zone
3 can be determined, respectively, as follows:

2
A, — A4,
pe et te ]y
AX

1

(11)
A 2
=p -C.| = | y?
p3 pl ’ [Qmin j (12)
where, Q . is the minimum area for liquid flow from Zone 1 to

3, 4,, and 4, are the working areas of RM and CRM pistons,
respectively, 4, is the variable throttling area that depends on
both variation of recoil distance and firing angle, and C, and
C, are the recoil constants, whose values depend on the liquid
density and frictional and local losses.

During CR, the equation of motion of gun recoiling parts
can be written as:

2
X
ar’

where, K is the total hydraulic resistance affecting CR. This
hydraulic resistance evolves from the pressures generated due
to fluid flow from Zone 2 to 1 (Flow 21) and from Zone 3 to 1
(Flow 31). These pressures can be expressed, respectively, as
follows:

dv

my.——

P

R

m K

c (13)

R*
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2
A, +A4
pﬁ%( » j v (14)

X

2
A, )
=C,.| 2£+1].
P, CM(A +] 124 (15)

xc

where, 4, is the cross-section area of CRM cylinder, and 4 __ is
the throttling area in CRM.

4. EXPERIMENTAL MEASUREMENTS

The experimental measurements of recoil parameters of
the 130 mm M-46 FG have been carried out in the Egyptian
Central Shooting Ranges (ECSR). The experiments aimed to
verify the firing data and measure the time histories of recoil
parameters of a new system of the 130 mm M-46 FG that
replaces the traditional towed gun with a self-propelled gun.
The new self-propelled system adopts the same characteristics
of the towed gun system, except for the trails, wheels, and
wheel mechanisms. As a result, the measurements of recoil
parameters presented in this section also apply to the towed
gun systems.

/T\

Data acquisition ‘

The measuring system is shown in Fig. 5, in which the
recoil cycle of the 130 mm FG is recorded using a high-speed
camera and a data acquisition system operated with Phantom
v9.1 software. The experimental results were carried out at two
different angles, @=20° and 45°, to enable measuring the recoil
characteristics in case of long and short recoils. The resolution
of the high-speed camera was adjusted to 1280x720, and the
sampling rate was 1500 frame/s.

The data of the experimental recoil distance was extracted
from Phantom v9.1 software by recording the coordinates of a
specific point on the recoiling parts during the recoil cycle. The
coordinates of two points that represent a standard dimension
on the gun (length of recoil cylinder) were used to obtain
the scaling factor of recoil displacement. Two frames of the
experimental measurements applied for both high and low
elevation angles are shown in Fig. 6(a) and (b), respectively.

5. RESULTS AND DISCUSSIONS
5.1 Model Validation

Figure 7 shows that the theoretical recoil distances are in
good agreement with the experimental results at both angles

Figure 5. Scheme of the measuring system.

(a)

Figure 6. Setup of experimental measurements at different elevation angles, (a) Short recoil, p=45°, and (b) Long recoil, ¢p=20°.
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Figure 7. Theoretical and experimental time histories of recoil distance, (a) Short recoil, =45°, and (b) Long recoil, ¢=20°.

of elevations. The maximum recoil distance for short recoil is
0.73 m and the total time of the recoil cycle is 1.6 sec. For the
long recoil, the maximum recoil distance is 1.26 m, and the
total time of the recoil cycle is 2.5 sec. However, it should be
noted that due to the limitation of the maximum number of
frames captured by the high-speed camera, the experimental
measurements do not include the whole recoil period. For the
short recoil seen in Fig. 7(a), the experimental measurements
were recorded up to 0.85 sec., whereas they were recorded up
to 0.7 sec. for the long recoil, as shown in Fig. 7(b). The recoil
distance otherwise is assumed to have a linear variation follows
the curve fitting of experimental data during CR period. This
limitation in the number of frames was compulsory to capture
more frames during recoil, as the recoil time is too short in
comparison with that of CR. It should be also noted that the
values of recoil velocity and resistance are much lower during
CR. The maximum relative differences between theoretical
and experimental recoil distance are 6.75 % for the short recoil
and 7.4 % for the long recoil. These differences are attributed
to the assumptions in the mathematical model. In particular,
the representation of hydraulic resistance in the mathematical
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Recoil velocity , V (m/s)

model as it has the main contribution to the total recoil
resistance, and consequently the recoil parameters, X and V.

5.2 Prediction of Recoil Parameters

Figure 8 displays the recoil velocity predicted for long
and short recoils. In both cases, the maximum recoil velocity is
approximately 10 m/s. This also agrees with maximum recoil
velocities for the case®®. The counter recoil velocity is seen to

12 T T T

T T
——Simulated short recoil velocity
= =Sil Long recoil velocity

15 2
Time, t (s)

Figure 8. Predicted recoil velocity in case of long and short recoil.
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nearly constant with value of 0.6 m/s. Also, it is noted that

the recoiling parts have a nonzero velocity at the end of CR,

ab

out 0.4 m/s, which is necessary to ensure complete CR.

5.3 Effects of SLV, Elevation Angle and Muzzle Brake

of

Impulse Ratio
Figures 9, 10 and 11 depict the effect of the presence
SLV in the recuperator during short recoil mode. Figure

9 shows the variation of the actual recuperator force, F_, in

CO

mparison with the force of air pressure, P, according to

the mathematical model. It can be noted that the effect of the
SLV is very limited during recoil, as the valve is completely

op

ened. However, when the valve closes during CR and the

fluid is throttled through the narrow orifices in the SLV, this
considerably reduces the force affecting gun recoiling parts.
Therefore, the actual driving force of recoiling parts during CR

5.5

start of CR

< T T T T

>/
7

S o —Force of recuperator, F
~

S o — -Force of air pressure, P

33%
R e e e

&I‘\l‘otable effect of RIS ~ o
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Figure 9. Recuperator and air pressure forces.
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Figure 10. Effect of SLV on counter recoil velocity.
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Figure 11. Effect of SLV on hydraulic resistance during counter

recoil.

Recoil distance, X (m)

Recoil distance, X (m)

is predicted to be approximately 33 % less than the force of air
pressure. This reduction is mainly due to the losses caused due
to throttling of liquid through the holes in the SLV.

Figure 10 shows the variation of predicted CR velocity,
whereas Fig. 11 presents the corresponding hydraulic resistance
with and without consideration of the effect of SLV. Figure 10
shows that the maximum CR velocity is approximately 12 %
less than its value without the presence of SLV. As a result,
the CR time is found to be about 10 % greater and the impact
velocity at end of CR is 11 % less. The predicted CR velocity
due to existence of the effect of SLV is also supported by the
experimental data shown in Fig. 7(a), where the CR velocity is
represented by the gradient of CR displacement has an average
value of 0.6 m/s. It should be noted that preserving a reasonable
value of impact velocity at end of CR is compulsory to secure
complete CR, as it may cause serious errors during firing of
next rounds. On the other hand, the corresponding maximum
hydraulic resistance during CR seen in Fig. 11 is predicted to
be reduced by about 20 % due to the effect of SLV. Also, it
is worth mentioning that the recoil velocity and displacement
have almost the same values either with or without considering
the effect of SLV, which is due to the very limited of SLV
during recoil.

The variations of recoil displacement at four different
elevation angles are shown in Fig. 12. The four angles represent
all recoil modes, namely short recoil (p= 45°), intermediate
recoil (¢=25° and 30°), and long recoil (= 0°). It can be
concluded that the maximum recoil distance and the total time
of recoil increase when firing at lower elevation angles. These
variations are due to the different values of throttling area
operated in each mode of recoil, and this also leads to variation
of total recoil resistance.

T T

= =Recoil distance at fai = 30
""" Recoil distance at fai = 25 H
—=-Long recoil distance at fai = 0

=—=Short recoil distance at fai = 45

15 2
Time, t (s)

Figure 12. Variation of recoil distance with respect to elevation
angle.

09 T T T T T T T T

= Recoil distance of perforatted MB of 130-mm FG
= =Recoil distance of MB while khee = 0. 1
""" Recoil distance of MB while khee = 1.
— - ~Recoil distance of MB while khee =-0.5.

01 1 L I i 1 1 1 I
0 0.2 0.4 0.6 0.8 1
Time, t (s)

Figure 13. Effect of variation of impulse ratio (y) on recoil distance.
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The muzzle brake has a great effect on gun recoil
parameters'®. Its effect is taken into consideration by
determination of the impulse ratio, . Figure 13 shows the
effect of using different values of impulse ratio on the recoil
distance. It is seen that, when y=1 (there is no muzzle brake),
the recoil distance is of maximum value. The smaller values
of y conduce more effective muzzle brakes and shorter recoil
distances are obtained.

6. CONCLUSION

The dynamic characteristics of gun recoil system
provided with Spring-Loaded Valve (SLV) and variable recoil
mechanism are analysed based on theoretical and experimental
approaches. The results of calculated recoil parameters
using the presented mathematical model are in a very good
agreement with the measured values. It can be concluded that
the presence of SLV in hydro-pneumatic recuperators has a
considerable effect on the variation of recoil parameters. This
effect mainly exists during CR rather than recoil. The driving
force of gun recoiling parts during CR reduces by about 33
% compared to the pressure force of compressed air in the
recuperator. Consequently, the CR velocity also reduces by
approximately 11 %, the CR time period increases by 10 %,
and the hydraulic resistance against CR reduces by about 20
%. The current mathematical approach gives an insight into
necessity of including the effect of SLV in modelling of similar
gun hydraulic gun systems such as recoil brakes, recuperators,
and potentially in equilibrators.
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