WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS Jiri Balla, Lubomir Popelinsky, Zbynek Krist

THEORY OF HIGH RATE OF FIRE AUTOMATIC WEAPON
WITH TOGETHER BOUND BARRELSAND BREECHES

JIRI BALLA, LUBOMIR POPELINSKY, ZBYNEK KRIST

Department of weapons and ammunition
University of Defence
Kounicova 65, 662 10 Brno
CZECH REPUBLIC

jiri.balla@unob.cz, lubomir.popelinsky@unob.cz, zbynek.krist@unob.cz, http://www.unob.cz

Abstract: -The paper decribes the principle of the weapon with together bound of barrels and breeches at first. Tt
the kinematics and dynamics of the weapon mechanism with the crank mechanism inserted between the breech |
and breech block carrier is discussed. Equations enabling the theoretical solution of the gas operated drive of
weapon mechanism are explained. The imagination about the utilization of the theory mentioned gives the result:
the solution of the real weapon at the end of the paper.
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1 Introduction , _ , _

In addition to two formerly known high rate of fire ThIS' crank mechanism tpgether with the funct_lonal
weapon principles — the revolver principle and the Curve in the weapon casing ensures the continuous
Gatling principle, see [1], [2] and [7], the third high Mmotion (Wlthc_)ut impacts) of the bregch block Wh_en
rate of fire principle with together bound barrels and fifing. The influence of the functional curve is
breeches has been created. The first weapon of thidransferred on the breech mechanism by means of the
principle has been designed by the German designerm”er placed on the crank. This roller meshes with the
Gast at the end of th&orld War |. curve.

After the World War Il this principle has been
redesigned by Russian designers and thus the automatic . . .
cannons of the caliber 23 mm and 30 mm have beer? Kinematicsand dynamics of weapon
created. On the base of this principle Czech designers At the beginning of the dynamic analysis of the
have designed 20mm aircraft cannon ZPL-20 and theweapon it is necessary to find the primary geometric
cannon was accepted in the armament of Czech Airrelations between links, velocities, transmission
Forces. Main advantages of the cannon are the lowfunctions and accelerations or derivatives of the
weight and relativelysmall dimensions at thkigh transmission functions. Found reduced mass and its
power of fire. derivative enter into the equation of motion whose form

Basic design features of the cannon, see Fig. 1 and-an be written as
Fig. 2, are the gas operated drive accelerating the

. »d
breech block carriers of both barrels, functional link of m., X + O,th = Quq (1)
both carriers by a pinion ensuring their alternate motion dx
(i.e. if the breech block carrier of the right barrel moves q or
backwards, the carrier belonging to the left barrel Y%+ % Mea _ 2
moves forwards) and the utilization of the crank Mea 0.5 dt Qo @)

mechanism between the breech block and its carrier

belonging to each barrel. First of all, the kinematic relations have to be
determined in every integration step when solving the
differential equations (1) or (2).

Since weapon kinematics depends on the stroke of
the main functional element and it is the breech block
carrier, the equation in the form (1) is mostly used, see
[1], [10] and [19].

According to [4] or [17] we apply to the vector

barrel A cylinder A breech block A breech block carrier A

pinion

Fig. 1 Principle of design features
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method on the kinematic relations between main parts ofwhere

the weapon mechanisms as it follows from the Fig. 2, v - breech block carrier velocity,

where )
X - breech block carrier displacement (measured from e - Preech block carrier mass
point A), I -tooth wheel mass moment of inertia,
@,- rotation angle of crank (ABC), Q. - angular velocity of tooth wheel,
@, - rotation angle of connecting rod (CD), |, - crank mass moment of inertia,

X, - breech block displacement (measured from point D). Q,, - angular velocity of crank

Vi, - velocity of crank gravity centre,
m,, - crank mass,

l,;- connecting rod mass moment of
inertia,
Q,, - angular velocity of connecting rod,

V,;- velocity of connecting rod gravity
Fig. 2 Eccentric crank mechanism of weapon centre,

Let us write on the quadrangle ACDE as independentM, - connecting rod mass,
loop, the equations describing the mechanism geometry v, - breech velocity,

rcosg, +1 cogp, +x, -x =0 (3) m, - breech mass,

vV, - cartridge belt velocity,
rsing, +1sing, —e = . ) m, - cartridges and links belt mass.
The known values are=AC, |=CD, x=Xx,,9,,

where @, angle is set in the analytical form following
from the used cam

The right-hand side (1) or (2) is reduced force
Q.. Which is given as follows:

$,=a, +ax+axX+ aXx+ g+ ax (5) Qe=Fen~"Fn-FK -FK -F,~Fx )

The Newton’s iteration method, known as method of Where N
corrections in [4], was applied to obtain two unknowns FGA = SpA P, - driving gas force,

@, and x, suitable for the required precision Mostly = S R - braking force of air,
two or three iteration procedures were applied in everyF friction force,

integration step. ' '
Differentiation of the preceding equations (3) and (4) F, - resistance of the cartridge belt, depending on the

with respect to time yields the following equations for mass of the belt link and cartridge, rigidity of link
the velocities — equations (6) and (7) — result: and velocity of the cartridge belt,
_rsing, 32 ¢2 _ |n¢3 d¢3 L& g, ©6) F..- cartridge extraction force from the belt,
dt F,, - force of the breech rebound catch.
d¢2 dg
rcosg,—=2 +1 cop,— = (. 7
sp, p 9, ot ()

3 Gasdrive of the weapon mechanism
_ o red The system of equations enabling to solve the action
determined from the kinetic energy of the system, in the gas arrangement and thus also all the motion of the
0?2 0?2 V2 weapon mechanism consists of following kinds of
E.= 0.5/ 2m, + lgo—= + 21, —%& + 2m K- equations, see [15]: equation of motion (1) and the other
, v 2 SV , v describing the function of the gas drive. These equations
Q Ve Y must be adapted for gases, for the air and for the other
+ 21, VOJ +2my, 5 + 2m)7b + m!’vp) (®) conditions (e.g. in dependence on the pressure ratio
between the cylinder and the barrel).

The reduced mass$n,, in equations (1) or (2) is

ISSN: 1991-8747 72 Issue 1, Volume 5, January 2010



WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS Jiri Balla, Lubomir Popelinsky, Zbynek Krist

The action of the drive system utilizing the propellant (for py> pa: P2 = pa; fOr pu< pa: Pz = Pu),
gases must be solved for two periods depending on they; — specific volume of the gas in the vessel from which
relation of the pressure of gases inside the barrel ore pthe gas flows.
and the pressure of gases inside the gas cylinder A p The discharge coefficieptinfluences the magnitude
see [6], [12]. If pu > pa then the propellant gases flow of the gas mass flow (it takes into consideration the
through the gas port from the barrel into the gas cylinderlosses during the gas flow through any orifice).
For casepy < pan the gases flow in the opposite Generally it is possible to say that in the gas

direction. arrangement of the automatic gas operated weapon the
These two periods influence the equations of the gagyas flows through the gas port between the barrel and

flow in the following way. the gas cylinder and through the clearance between the

For py > pa: piston surface and the cylinder wall. If the packing rings

Equation of the energy change in the gas cylinder ,A*  on the piston are used (as it is mostly used in weapons
d with together bound barrels and breeches) then the flow

d_(pAVA) = kR( GT-G ;l')_( k—l) p S (10 through this clearance is negligible.
t

The magnitude of the discharge coefficigrfor the
Equation of the gas mass change in the gas cylinder "A“flow of gas through the gas port depends on the state of

the gas in the vessel from which the gas flows. For the

d(V, periodp, > pa (the gas flows from the barrel into the
a W =0, _chA' (11) gas cylinder) at the instant of the gas port opening the
A gas in the barrel bore moves with very high veloaity
FOr by < Pa : what causes great losses especially at the entrance of

the gas into the gas port. The magnitude of these losses

Equation of the energy change in the gas cylinder , A" ; :
depends on the velocity of the gas in the barrel bore.

d Thus the discharge coefficient for the flow from the
—(pVa) = —kR'];( G+ @A)—( k1) p S :(12)  barrel bores, can be aproximatelly chosen utilizing the
dt formula
Equation of the gas mass change in the gas cylinder ,A"), - 0.65 —0.00016 u . (17)
d(V,)_ (u is the velocity of the gas in the barrel, i.e. the
E(W_Aj - _(GA + chA) : (13) velocity of the projectile, at the instant in which

A

the projectile passes the gas port in the barrel bore).

Important characteristic of these equations is the At the periodp, < pa , i.e. at the opposite direction
magnitude of the gas mass flow G through any crossof the flow of the gas through the gas port, the
section S from the state “1” to the state “2”. For the sub-conditions of the entrance of the gas into the gas port

critical flow it is given by the formula are more simple, because the gas in the cylinder is
nearly at rest. Therefore it is possible to use the
5 1 E '%1 discharge coefficient according to the technical
> : : .
G= ,uS( j P (&j _(&j (14) literature dealing with the flow of gases
k=1) AW\ R R 1ia= 0.65. (18)

If no packing rings on the piston would be used,

and for the critical flow by the formula then the discharge coefficient for the flow through

kL this clearance g can be chosen

G- ’us(ijz(k'l) kP 15 - for the coaxial position of the piston in the
k-1 W, ' gas cylinder
— 41

In these two formulae is: Ha=1123 6 +0.4%-0.29 , (19)
1 - discharge coefficient, whereod is the clearance between the piston and
S — cross-section through the gas flows, the cylinder wall in millimeters
k — ratio of specific heats, -p _
p. — pressure in the vessel, from which the gas flows, 0=R-R [mm] (20)
(forpu>pa: Pr = Po;fOr pu< pa: P = Pa) (R. is the inner radius of the cylinder,
where p is the pressure in the barrel andipe R, is the outer radius of the piston);
pressure in the gas cylinder, - for the eccentric position of the piston in the gas
p. — pressure in the vessel into which the gas flows, cylinder it is recommended to use
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tcie=1.25 g . (21) W = VAA (29)
But as it was mentioned before, for the weapon with (VAA j ’
together bound barrels and breeches the packing rings W
are used mostly and therefore the flow of gases through A
the clearance is not supposed.
The influence of the air being in the cylinderonthe T - Paa YWan , (30)
opposite site of the piston can be taken into A R,
consideration utilizing also the equations of the energy
change and the mass change arranged for the air. (p V. )
Thus these equations for the air cylinder “A” are Pan :%_ (31)
d AA
a( PaaVaa ) =-k R, ( Gen T Qo ) 22) Symbols used in previous equations are:
pn - pressure of gases in the barrel bore,
+ (kA _1) Paa §AA v pn - pressure of gases in the gas cylinder “A”,
t -time,
V, - instantaneous volume of the gas cylinder “A”.
d{ Vi — —(G +G ) 23) Vao - initial volume of the gas cylinder “A”
dt | w,, AAch = =AAd R  -gas constant of propellant gases,

Ga - gas mass flow through the gas port,
Let us mention, that the motion of the piston is T, -temperature of gases in the barrel bore,
influenced not only by the flow of gases through the gas G.,» - gas mass flow from the gas cylinder through

port between the barrel and the gas cylinder and by the the exhaust orifice,

pressure of the air acting on the opposite side of theT, - temperature of gases in the gas cylinder “A”,
piston but also by the period of the exhaust of the air S,» - area of the piston in the gas cylinder “A”,
from the air cylinder into the atmosphere and after that v -velocity of the piston,

by the period of the exhaust of the gas from the gasy = % - displacement of the piston,
cyIinder_ into the _atm_osphere (depeno_ling on the position w, - specific volume of gases in the gas cylinder “A",
of tlhe %lzt?n dltmng Its backwar(:' mot|tohn). luti f the Paa - pressure of the air in the air cylinder “A”,

'n addition o previous equa |on“s ” € solution ot eVAA - instantaneous volume of the air cylinder “A”,
action of gases in the gas cylinder “A” utilizes following Vo - initial volume of the air cylinder “A”

equations: ot - :
- instantaneous volume of the gas cylinder “A” is E*A ) rgaatl:) c?nssegﬁ[[ﬂgfr:ﬁstzis fthe a,
Vi =V + Sa (24) Gaacn - air mass flow from the air cylinder through
the exhaust orifice,
- instantaneous pressure of gases in the gas cylinder “AGaa, - air mass flow from the air cylinder through
( pAVA) the clearance of the piston rod,
A :V—’ (25) S - area of the piston in the air cylinder “A”,
' A - ' Waa - Specific volume of the air in the air cylinder “A”.
Cyll?nsdtz;p'firleous specific volume of gases in the gas The substance of the solution procedure is shown in
the flow diagram Fig. 3. The system of differential
V, equations was solved using the extrapolation method,

v )’ (26) published in [15] together with the equation of
(A) kinematics and the other additional equations.
The integration step 0.0001s looked to be well-

o ; ; hosen for the specific purpose. The choice has been
instantaneous temperature of gases in the gas cyllndeﬁ1ade with recommendation in works such as [7], [12]

A W and [19] and on the base of the technical experiments
T, = pA—A. 27) during the developmental stage.

A (27)

R The oncoming results have been gained with

The solution of the action of the air in the air cylinder comparison of calculations and measurements on the

“A” utilizes similar equations: 23mm aircraft cannon GSh-23 before [13] and 20mm
cannon ZPL-20 [14] when the software was debugged.

Vi =Varo = San % (28) [14] g9
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Flow from the
barrel into tha
gas cylinder
(critical or
subcritical)

Poi = Pa

Flow from the
cylinder into
thebarre
(critical or
subcritical)

Xbbe = XFbbe

par — final value of the pressupg
Wy, — specific volume of gas in the barrel
T, — temperature of ga in the barrel

Xrpbe— final value of the breech block carrier diplacement

Fig. 3 Flow calculation diagram
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4 Results

The results of calculation are presented onward. The
nunerical values of the input parameters belonging to
the system were obtained from technical specifications
and drawings. Due to very large numbers of inputs only
the most important there are mentioned hereto. First of
all, the significant kinematic values are:

r = 0.065m, I= 0.138m,e = 0.0388m/my,. = 2.4kg,m,
= Ol8kg,rnoJ = Ol4kg,|KL = 00005304kgm2loJ =
0.0011660k.nT.

The inputs belonging to the gas drive were chosen
according to design of the weapon and they were
corrected with respect to the technical experiments.

The main gas drive values are:

Sa = 0.000706858 mk = 1.26,p, = 161 MPa
(beginning of the drive), R 350,

To=2529K, Kk =1.4, R = 287.

Discharge coefficientsp have been chosen
according to (17), (18) as followg:= 0.524 ifp, > pa
and u=0.01ifp<pa.

The pressure/time history curve in the bapgel
including the aftereffect of the propellant gases for the
cartridge 20x102 mm is in Fig 4.

gas port opaning

muzde
0 00B o0l (0101153 o

time(9
Fig. 4 Pressure in the barrel — cartridge 20x102mm

101025

The courses of the gas pressure and the temperature
in the barrel were set using their interpolations by
means of polynomials so that to simplify the procedure
of calculation.
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Beginning from the instant of the gas port opening, 0.12
see Fig.4 as well, when the bottom of the projectile
passes the gas port in the barrel bore the courses of th
pressure in the barrgh, = f(t) and the calculated
pressure in the gas cylindgt = f(t) are in Fig 5. The
periods of two gas flow directions through the gas port
are shown. First of all it is the stage whgn> p, and
afterwards the stadium,p< pa . 0.08[ 1

gespart goening

G (kg.sh
o
o
*

140 Ry =T 1 0.04 |

ol f

0.02r a

p(MPa)

0 ‘ ‘ . ‘
a8 7 0 0005 001 0.015 0.02 0.025
time (s)

3

muezde Fig. 6 Gas flow from barrel into cylinder

s

p,=f(t) ] o}

20/ g |

(0] Q0B o0 Q015 oz 05
Py > Pa PA”Ry e

<

Fig. 5 Gas pressure in cylinder and barrel

During the first period of the operation small
amounts of the propellant gases flow into the cylinder
accelerating all reduced mass to required velocity. Only
all of the 0.0002 kg of the powder enables to reach
demand operation of the weapon mechanism.

00001 q

gesmess (kg

The Fig. 6 (gas flow from the barrel into the cylinder)
and Fig. 7 (gas mass obtaining after integration of the
gas flow according to time) confirm this fact. The
explaining is clear. The powder heat energy of the one
kilogram is 923kJ. The calculated gas mass yields the
184J and with 35% efficiency it is approximately 65J.
Afterwards the gases flow from the barrel into the
cylinder in the opposite direction.

0] 00B 001 0015 o2 005

The temperature of the gas in the cylinder goes down tine

in compliance with the Fig. 8. After its rising from
temperature of the surroundings 288K to over 3000K it ' ' _ '
drops to average value approximatelly 1500K. Fig. 7 Gas mass flowing from barrel into cylinder
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3500 overpasses the gas vent. Therefore the true time does
not begin from zero. The course of the breech block
carrier velocity is depicted in Fig. 11. There is very
3000+ . interesting the velocity boost after half period of the
motion caused by the returning of the kinetic energy of
the breech to the breech block carrier.

2500+ . This phenomenon is representative of these
mechanisms as it is introduced in [1], [2] or [16]. In
contradistinction to small arms operated using of the
2000+ . classical cycles, where velocity of the main functional
element slopes down, here with respect to short time of
the cycle, the breech block carrier is accelerated at the
~ 1500¢ . second half of its cycle.

The breech block displacement versus breech block
carrier displacement is visualized in Fig. 12. The overall
1000 . stroke is 165 mm and depends on the cartridge size
loading into the barrel. The idle period at the beginning
is necessary to exclude a random event in course of the
500+ . shot when the projectile or the high gas pressure is in the
barrel. This dwell is known as under slide, see [1], [19].

Knowledge of that period is needful for design of the
trigger mechanism as it is indicated in [11] and [16].

A (K)

0 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025

time (s) 012
Fig. 8 Gas cylinder temperature 01

The dependence of the input anglg on the breech
block carrier displacemenx,,. is drawn in the Fig. 9 ole 2]

and corresponds to arrangement of the cam and size of ¢
the main parts of the mechanism. :@ 006

22 0ot
4 o
18
0 0006 0oL 0015 o
7 16 time(9
S
¢ 14 Fig. 10 Breech block carrier displacement

The additional result following from the kinematic
analysis is connecting rod angle of rotatigyin Fig. 13.

According to breech displacement varies its velocity as it
points to in the Fig. 7, where the maximum velocity is
‘ ‘ ‘ ‘ ‘ approximately in the half of the breech block carrier
0] o2 04 006 008 01 displacement.
Xppe (M) The insertion of the crank mechanism between the

Fig. 9Input angleg breech block carrier and the breech block ensures the

' 2 longer displacement of the breech block with respect to

The curve course of the breech block carrier the displacement of the breech block carrier in the same
displacement on the time represents the Fig. 10. time (see Fig. 14).

The time starts from the time when the projectile

08
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8
7 3.35 8
6
fy
y 3.3 7
é 5
84 ~
> -
@©
3 = 325 7
g’
2
1 3.2 8
Q06 00l 0015 0@
time
© 3.15 ]
Fig. 11 Breech block carrier velocity
0, 31 | | | | |
0 002 004 006 0.08 0.1
Xope (M)
o1 Fig. 13 Connecting rod angig,
3
><D
elocy
_€
Xb = 1.75 Xbhe
(03
0O om® 004 006 o0 o1

Xbbe - breech block carrier displacement
Xb - breech block displacement

X (M)
Fig. 12 Breech block displacement

Thus the velocity of the breech block is substancially
increased with respect to the velocity of the breech block Fig. 14 Explanation of breech block and breech block
carrier. To prevent the shocks in limit positions of the of carrier displacements
the breech block, the crank mechanism is completed by
the functional curve in the weapon casing. The shape of At the end of the cycle the breech strikes in the rear
this curve consists of the accelerating and theposition on the weapon casing and in accordance with
decelerating sections. The roller placed on the crankhe shape of the cam changes the final velocity. This
meshes with this functional curve. This design featuresmall impact has an advantage ensuring the termination
ensures that during the motion of the breech blockof the movement into the rear position of the breech in
carrier the velocity of the breech block changescase of conditions worsening, for example when friction
continuously from zero to its maximum value (nearly at boosts for surface contamination reasons.
the half of the functional stroke) and then it decreases to The Figure 16 represents the reduced mass course
zero as it is shown in the graph in Fig 15. versus the breech block carrier displacement as it is

written in the bracket of the equation (8). The maximal
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value of the reduced mass matches to the minimal breeclwhereby all parts obtain the required velocities. The

block carrier velocity, see Fig. 11 as well. impulse course is drawn in the Fig. 18.
12
16
14 10F i
12,
s 8 =
[0
6
z 6 ]
4 <
o
2,
4, 4
0 o2 0 006 008 01
X (M
Fig. 15 Breech block velocity 2 i
0 | | | |
0 0.005 0.01 0.015 0.02
time (9
10 ] Fig. 17 Gas pressure in gas cylinder
g
B
S a
5, 4
503
a0
ééﬂ
0O o0® 004 006 00 01 Exo
X (M
. X
Fig. 16 Reduced mass
The differentiation of the reduced mass according to 10
X was calculated numerically in every integration step.
The course of the gas pressure in the gas cylinder itself : ‘ : :
(and it is the pressure on the driven piston connected 0 Q0% Qt?rlre © 0at5 o
with the breech block carrier) drawn according to Fig. 5
in changed scale is in Fig. 17. Fig. 18 Impulse of gas force in cylinder

The pressure is much lower than the initial gas

pressure in the barrel when the mechanism operation
begins. The force driving the whole mass creates during At the end the system gains the maximal value.
functional cycle the impulse equals to the momentumHowever, it is interesting that this high rate of fire
weapons are driven within entire cycle in contrast to
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weapons whose rate of fire under 1000 rounds per
minute. These weapons have the main functional
elements accelerated in shorter time in consideration of
the total functional cycle. [10]

5 Conclusion 11

The results given in the figures reflect a good
coincidence with the real weapon which was designed
according to presented theory. The theory was verified
on the other examples of weapons patterns as it is[12]
published in [2] for example.

The course of input angl@, depending on the cam

curve, see Fig. 3 and the equation (5), seems to be more
suitable than the cam curves used in the Gatling systemg13]
which are presented in [2] or [7]. The procedure used in
this article has been applied in the Czech research
institutes and in the University of Defence in Brno as
additional teaching material for students of weapons and14]
ammunition branch.

]
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