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Abstract. One of the basic requirements for the artilleryap@ns is the dumping of
dynamical impulse loadings by the recoil systemcdfesubsystems, which are
displaced during the recoiling process, have tstopped and returned to the initial
position, keeping the stability of weapon’s positi®isplacement position control as
a consequence of the recoiling process is an ictdperformance of the recoil system
design. These performances are changing vs. tinagliegits more or less rigid,
regarding forces or displacements making recoilrattaristics more or less elastic.
Guides by forces in hydraulic brakes of recoil eystare proportional to the recoil
velocities, which are not always applicable foll fidntrol displacements profile on the
weapon. Paper considered implementation of stiffm@eportional linear or nonlinear
to the displacement as possible variator of maxinflmnee and their position in time for
joined recoil system. As possible solution wiree@bsorbers have been considered as
redundant links in hydraulic brakes serial juncsiomhe appropriate position and
variable stiffness of redundant have been congideby Bouc-Wen modified
approximation redesigned for artillery gun loadingofiles. Paper integrates
experimental laboratory dynamic testing data withudation software of gun recoil
systems regarding the howitzer 152 mm.

Keywords. mechanics, armament, recoil gun system
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Technology”, Pultusk, Poland, September 25-p822



24 A. Kari, M. Milinovic, O. Jeremic

1. INTRODUCTION

Processes of the projectile launching in artillergapon causes unsteady
state behavior of forces and related displacemegalscities, accelerations, etc.
reflected on the weapon recoiling masses. As tmeptax mechanical system
relied on the ground, recoil system exposes higénsity and short duration
shock loadings. The study of displacement requirel$ determined models to
predict movement and constrain loads during remod return recoiling mass,
and their affects on the stability and immobilifyveeapon in the firing process.
The important aspects of analysis are structuradignected with one of the
most important mechanical performance of any desigsiructure well-known
as the stiffness, which orientated description gétem behavior during
perturbed motion.

For description of the artillery weapons behavioring the firing process
several models can be used. Some of them are:

» simplified mechanical model with one degree of di@®a (recoil of

barrel with additional masses),

» simplified mechanical model with two degrees oéftem,

« complex mechanical models with more degrees otltreg etc.

Most of them require complex numerical analysesniyabecause of
nonlinearities in unsteady state motions, but netalnse of complex links
which are usually formed in one direction of orgrt frame. This fact makes
analyses of DOF linked serial by simplified algebrexpressions in place of
complex systems designed with more than one DO&reaf from three axis
translations and rotations. Different methods fusons could be used as it:

* finite element method (concentrated masses anticeteeams) and

« commercial software packages for simulation of clempnechanical

systems.

Bearing in mind that the forming of an experimentaldel for real tests
(prototype) is expensive and time consuming, meichhrand mathematical
models are the best tools in optimizing the basiégpmance of a weapon in the
initial phases of development. Simulation modeks @specially interesting in
the case of the modification of existing artillesystems, in order to predict their
behavior in variable conditions of exploitation, ether it was required for
improvements in a ballistic system, in the inteigrabf new and redesigned of
existing components or systems in general [1]. Eaflg simulation models is
welcome when some experimental tests or particwdanponents intent to be
employed on the system as it recoiling mass. Rezedrfeatures of stiffness
and shock absorbing as key problem consideredhierheavy gun artillery
orientated research in this paper to use combimatib experimental and
simulation tests as the first approach in furtkesearch.
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For that purposes the simplified model of mechdnisaillator has been
taken as an approximation for the recoil systemiafidences prepared by well
experimental tests of particular components haen liecluded in the model to
vary stiffness behavior as well as the most impart&chematic view of the
classic artillery weapon is shown in Figure 1.

COMPONENTS DIRECTION GENERATED FORCE

o ——— > Breech force
Re;zil:ng —— > Weight force
B ~——————  Sliding track friction
Recoil <«————  Hydraulic breaking force
brake <«————————  Packing force
Counter-recoil <«————  Recuperator force
mechani Packing force
Fig. 1. Schematic view of Fig. 2. Components of total
the artillery weapon resistance force of recoil

During the firing process on the weapon acts shogpulse forcer
(Figure 1) that causes recaoil of recoiling masghimx direction. Motion in the
mentioned direction corresponds to appropriate tterngf recoil, which is
opposed by the total resistance force. Designedpooents, which make
mentioned force, are given in Figure 2.

2. THEANALYTICAL MODEL

Simplified model understood observing the totalcérof resistancB
caused only by one appropriate equivalent resistamponent represented by
dumping coefficient equivalert,, depends on the recoil velocity. In that case
the basic model of artillery weapon can be considieas a system with one

degree of freedom Figure 3.
X

ibﬂ m <

Fig. 3. Mechanical model of the system with onerde@f freedom
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Adopting the scheme shown in Figure 3, differenéiglations of barrel
motion has the form:

m, + %, = F )

After very short strong interior ballistic force pfopellant gas pressure,
the system can be considered as free damped tsgiapressed by:

mXA:_QXA 2)

The main problem of this system is not approxinmatb the steady state
inertial force (2), but its gradient, known as jeslhose value definitely is
determined by equivalent stiffness of the systerkitig influence with flowing
velocity. This causes also stability of weapon irdiately after firing and
during recoil process along design distance on weapon. This value,
respecting (2), is given in the form:

2
Xy = _i[be_bij X,
moem 3)

Designed features of recoil system on the existigapon assemblies
provide enough method to contiml by static tests in the maintaining handling
and preparing phases of the weapon. These methodsot vary performances
of recoil brakes and recuperators adopted for tne fprces out of design
interior ballistic. Usually ammunition prevails agef guns and new interior
ballistics requirements change necessities of dedigecoiling stiffness. This
set up new tasks containing in application of gmson stiffness variators
which characteristics may or may not, correspond linear model. Combining
management of the inertia force gradient — jerk aidcity by suitable choice
of variator structural properties problem of thekjeontrol should be sold by
new additional absorbers. Further study will bespreed schematic model of
additional stiffness integrated as common with labéé recoil system as new
damping element.

Potential locations of damping elements mounting tie simplified
designed hydraulic brake recoil system integratitd barrel Figure 4 are:

= between the barrel and the cradle of artillery veeap

= between barrel and moving parts of recoil systeth an

= inside the recoil device.

The proposed mechanical model can be representde Isfiffness scheme
in Figure 5. In the new concept of improved syststiffnesses old one is
presented in the part of Figure 5 linked as redonhdabassembly which was
not obvious from Figure 4.
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Fig. 4. Potential locations of damping Fig. 5. The proposed mechanical model
elements

Resistance forces will have to follow equations rétion regarding
Figure 5 and in that sense of meaning elements dnd23 became stiffness
variators. Their links became redundant and semaalsformers of old stiffness
systems.

Absorbersc; andc; are differently loaded by impulse initial forcesglace
of fact that are initiated by same displacementses€é differences mean
additional degree of freedom expressed as linked by stiffnesswith main
motionx.

This provides to consider main equation of motimferred as case B, as
a linked form of two displacements as:

mi, - G( %~ X)+ ¢x=0 4)

Balances of resistance forces in recoil systerkjrigtwo motionsx; and
Xg by expression:

(% -%)-h%-¢x=0, 5)

which is additional condition for the solution df)(

Valuesx; andx; are analogues witky andx, of old system, but resolved
by new stiffnesses linked in model by Figure 5. i&sgion for jerk as gradient
of inertial force within the new modified stiffnessis derived from (4) in the

form:
e s
'>'<'B=%>'s(1——cl %—’fB] ©

Corresponding dumping forces for the new and oldtesy with and
without additional stiffness variators in the sarbmking equipment are
correlated by velocitieg; andxa.
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These expressions are:

I:bB = bej(l (7)
Fon = bX 4 (8)

The hypothesis about the behavior can be adoptedbralge cylinder
properties, which operate in different displacermecnditions. By ratio of
velocities, regarding resistance internal forcegatation over pressures next
expressions are given in the form:

PsA=h X 9)
PAA=h X, (10)

This promotes relations of velocities as proposdidoy cylinder pressures
increasing coefficiert as:

X =k, =28 % (11)
Pa
The new jerk can be expressed as relation of esffncharacteristics of
external elements to the basic hydraulic valuetéchiby design of the brake
systenk as:

w _C . gtg .
X, =—= k¥, ———= 12
5= 2k -k (12)
The jerk expression is function of two jerk pamse modified by old
velocities x, with serial stiffness linkc; and one modified by new velocities
with redundant stiffness linkg andcs.
General jerk equation is:

o _ Gy, GtG X
=3 kx |1-1-—3 78 1
e "1A[ G k&j 4

The relationship between old and new recoil systehviously is
dependable of stiffness and equivalent paramefahediydraulic brake system
in the form:

X __ mQKJ}—9+§5%j (14)
X,  mh-k G kX
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This determines a condition under which the stéeariator coupled with
pressures ratio in brake cylinder determines theevaf jerk compared to
a system that does not have the mentioned elen&tiftaess conditions related
to the brake performancegsand recoiling mass by expression:

%, _bZ-mi

ck—(g+g)2<

. (15)
X, m

3. EXPERIMENTAL TESTING OF NONLINEAR ABSORBERS

The applicant for the stiffness variations as el@nimserted in the system
this paper considers so-called ring wire rope dieodetermining referred by
properties in the papers [3, 4, 5, 8, 10].

Based on referred papers, as the first consequérassumed absorber, the
behavior of system is expected to be nonlineaffn®8s referred [4] shows
anomalies during shock loading conditions importantthis research. These
experiments were tested former years in the laboest conditions and shows
well reproducing of results, making tested datehhigliable as results to be
taken in simulation model.

Tested model accepted as variator in this papshasvn in Figure 6 and
curves in Figure 7 represent sample of dynamicgaese by force of ring wire
rope absorbers.

oy
o

[

Output force [kN]

o
3]

Time Isl]

Fig. 7. Dynamical response of ring wire
rope absorber

Fig. 6. Ring wire rope absorber

Experimental testing [4for these special cases of ring form wire rope
absorbers also shows nonlinear expression of etiffimepresentatively shown in
Figure 8, related to the absolxtand relativeAx displacements.
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Fig. 8. Nonlinearities of experimental behavior

Corresponding to placing cases of absorbers in ré&gd and 5,
nonlinearities of experimental behavior is given by

(16).
_ k/Ax
77 A

Equation (16) is valid as experimental proved amala be replaced in the
any of former basic or derived equations respecfmgsmall perturbationax,
as argument for the stiffness This lead from expression (13) in the similar
directly proportional linear form expression as:

(e = 1SR |

2m G(AX  Kkx

Unsteady state (17) is not general jerk but valitttie special cases of ring
form tested absorbers initiated by prompt shockcdsr with determined
impulses as initial conditions of free dumped motidderk ratio is also
determined by this new quasi-linear form as:

% ___ mkg(AX _e( 3+ o8 ¥ %
X, 2(mb(x, X - B( x>)) (1 c,(AX) k')g\) (18)

This expression is used as capstone approval adivimhnew stiffness
variators linked in Figure 5.
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To test further properties of absorbers links farnbests also offers
available reliable data [7, 8, 9, 10] about absarleehavior. As stated in the
literature [6], wire rope absorbers generally ugedlamping impact loads with
small displacement amplitudes.

Greater displacements usually require solutionschvicorrespond to the
other types of absorbers. Design properties of wope absorbers orientated
their relative displacements on the values less thalf of its diameters.
Sequentional including of serial linking absorbesslved problem of
displacements particularly, but some of the singfigs in serial clutching for
each of them in time appears as the constrairiipredictions as the continual
mathematical treatment. It is clear that absorher @ its size would not be
practical for use in larger displacement amplitydes it is required for gun
barrel recoil systems.

Therefore, goal of the research referred in [8, ¥GJs to test the
characteristics of absorbers stiffnesses combinezkiies and redundant links
during static and control dynamic impulses loadingsgarding expected
inclination of their linear composition stiffnesshavior in the both cases.

First of all dynamical controlled conditions wastea (Figure 10) for the
referencing one absorber by extending forces asplatiements in the loading
and relieving phases in the continual cycles. Muis taken as the referent
behavior of absorbers with ring wire ropes compasitdesign regarding
expected hysteretic anomaly, which appears in thasgs of loading and
relieving of continual cycles. Referencing ressligiven in Figure 10 for the
designed frame of absorber in Figure 9.

=z - A
e~ 7 -
& -
> o
o3 3 P
o oy T
o ] o
i L experiment 4
£ ",/' — ——experiment 5 ]|
/ > IR I i experiment 1
7
/ / + experiment 2
e seeeespxperiment 3
experiment 6

— == experiment 7

3 4 5 6 7 8 95 1
Displacement, mm

Fig. 9. Dimensions of experimental
model

Fig. 10. Phenomenon of hysteresis

Figures show corrected progressive behavior ofiddal hysteretic closed
frame curves for the single absorber loaded by tcainged minimum and
maximum dynamical forces.
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Testing conditions was vary around 10-15 m /s, Wwivias expected to be
referent for the values of gun recoiling massesnduiirst phase of motions in
the launching conditions. This referencing expentak conditions referred
curves accepted for the further experimental Viaratof stiffness required for
the composition of gun recoil system.

Figure 11 shows the experimental research schenegtovalent stiffness
variation tests of linked absorbers. Two serial aedundant absorber links
without intermediate switching distances shows regfe testing for different
linking inclinations regarding toward one absoraemew nonlinearities caused
by serial or redundant links Figure 11 shows expental scheme of

laboratories tests.
contro|

sensor of

sensor of
pressure

contro
parameter
)20}

~

displacement]
accelerometer g concor

=

NPl

777724

il

Fig. 11. Testing scheme of absorber serial andlphcannection

Based on the expressed difference in the loadidgrelaxation processes,
from diagrams in Figure 10 indication of the pheeroon known as hysteresis
is also obvious, for two serial and parallel linkalosorbers Figure 13, as for
single one [8].

#+e=e==-single absorber - measured : z ‘i
¢ ¢, sonl| o e e
a) J\/\/\/\/\/\/_\/W\/\/\/f et I R
¢, im WG ok ’
8 5
] B b it
L[] 2 4 10 2 |;l 16
Displacement, mm
Fig. 12. Serial and parallel Fig. 13. Experimental obtained behavior for

combination of springs serial and parallel linked absorbers
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Elastic force for seriaFeser and redundanEe, links of ring wire rope
absorbers are composed according to Figure 12. ddeas of both links satisfy
well-known relations of redundant stiffnesses suamsl serial stiffnesses
harmonic ratios, for equivalent stiffness of systerhis ideal estimation is
reflected also for hysteretic closed loop (dastvesirin Figure 13) serial and
redundant correlated with dot curve for the singlesorber sample. Real
behavior of mentioned links is presented in Figiil8eshows well correlation
with ideal links proved by measured (solid lineRmgure 13). Inclination is
fixed determined for absorber design but less th@drcents around corrected

friction factor n(d,, ) =1.2 equal for both links. Equivalent stiffnesses can b
written as:

c.=—+ 5% for serial and 19)
n(d,) G+ ¢
Copar =N(d,,){ g+ ¢) for redundant link, (20)

Last twenty years one of the most used model, whighlains hysteretic
behavior is Bouc-Wen [9]. Model explained hysterdbehavior of internal
forces regarding assumption taken in the form:

2(t)= (9 @[+ Bsof % Y)son( £ )] €X'} 1)

as referencing relation between jerk of internalpgrties and velocity as
external disturbance. Coefficienisp, y, N referred importance of velocity and
inertial force of internal processes.

Application of this model is referred on the asstiop that variators
linked redundant and serial in recoil system causdetermined equivalent
hysteretic behavior. By this logic, expression (2d@comes equal, and
determined, with internal jerk differences causgdspstem with or without
absorbers (3) and (13). This state is expressed by:

Ko =%, = 7,(1), (22)

or, by replacing:

%(Ax)k(l o )+g A>§ xsj n(‘% J ~[y+Bsar{ % Y)san( £ ))] )"

2m g
(23)

Assumption for (23) is that velocity, which caus$gsteretic behavior, is
not actually formed in the case of linked absorbé&tss value has to be ideal
for undisturbed conditions.
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Continual hysteretic process velocity also coulddien in consideration,
but requires iterative proceeding to evaluate rightl left side of (22) and
expressed by analytical solution (23) would notviaéid. Ratio of velocities
during hysteretic and free dumped motion of resgdtem is taken as measured
joint with stiffnessex to refer inertial force of internal procezf) expressed
in (23).

4. SIMULATION EXAMPLE

=  Simulation of recoil system is performed for thewitaer 152 mm for
data [1] of equivalent dumping resistant (3) retipgd. as full nonlinear
coefficient. Calculation is realized for the maxinpaopellant charge and
zero elevation angles.

= Stiffnessc, is taken as variator of recuperator gas pressodeis not
exposed in hysteretic manner. The role of his rddahlink was only to
vary influence of resistance force caused by ingf#es pressure.

= Short distances of initial recoil are observed eference for stiffness
variation estimations relevancy for effects of jexkd initial resistance
impulse.

= Real forced motion is taken for further free motiminrecoil system and
barrel for evaluation of unsteady sthtdrom simulation experiment.

Two types of simulation tests are realized in pafare of the so-called
case A (Figure 3) and case B preferred as joinatran stiffness model. Results
were observed for the initial 0.4 m of recoil. Fetanotion simplified observed
corresponds to the part of 0.1 m.

Results of system behavior in time for full reclahgth in time, in the
case A, is shown in Figure 14. Data of dumping focceht and velocities have
taken from this simulation on the observed partreafoil path are shown in
Figures 15 and 16.

3
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Fig. 14. Time change of total resistance recoitdor
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Fig. 15. Equivalent dumping Fig. 16. Recoil velocityy vs. recoil path

New simulation test is realized based on assumption the case B
(Figure 5) with next values:

3000z

* ¢, =1000-—— as referencing joint;. and cze placed absorbers in
T

redundant and serial equivalent links,
= b, =const=0.% 10 Ns/mon the interval 0.1 to 0.4 m,
=  C, as recuperator stiffness combined with placed rdles@ (Figure 4) is
shown as referencing resistant by dash dot liddgares 17 and 18.
= pressures ratik=0.9.
Results are shown in Figure 17 for referencing dased Figure 18 for
referencing case B. It is obvious that differencagsed by stiffness variators
referred resistance force changes initial behasfioecoil system.

T m—— 25)
-

o

S

==t Recuperator force
= == Hydraulic breaking force 15F
““““““ Foree of friction

mmn Ttal recoil resistance force

== Recuperator force
¥ ===THydraulic breaking force
s R Force of friction
I =#=Force of absorber
= Total recoil resistance force

Fig. 17. Case A Fig. 18. Case B

Jerk ratio is expressed in Figure 19 as the ref@rgnincreasing and
decreasing values in the initial phase by folloyog#ies in both cases.
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0 D.iDE U.‘W D.‘WE uiz 0.25
X, m
Fig. 19. Ideal ratio of recoil inertial forces

5. CONCLUSIONS

« Displacement position control as consequence obilleg process is
indirectly caused by performances of recoil systesign. These
performances are changing vs. time gradients molesse rigid, regarding
forces or displacements making recoil charactesstiore or less stiff.

« Implementation of elements with linear or nonlingagrformances of
stiffness vs. displacements is variators of maxinmesistance force and
caused jerks.

e Solution of wire rope absorbers applied as possialéators expresses
controlled hysteretic nonlinear behavior employedthe initial shock
phase of the artillery weapon recoil seems as equulisolution.

e Control of the absorber links by position and Imkimanner provides
simulation of the best composition for orientataarpmses, which can
appear for the case of new interior ballistic ferceor modernized
ammunition. This extends life-cycle of heavy weapand provides
extension of its using.
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