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Mathematical modeling

and experimental working
off of gas-liquid systems for
separation of reactive shells
(on the basis of the matmech
program package)

HasedeHo aHanimuyHul mamepian wodo mMmemu
ma 3ada4y cucmem AdsmMoMAamu308dHO20 NpPoeKmy-
BAHHA ABIAKOCMIYHUX NIONPUEMCMS, OCHOBHI NPUH-
yunu peanizayii makux CAlP Ha 6a3i CALS/PLM -
mexHosnoai.

Knwouosi cnosa: CAlP, CALS/PLM — mexHonoaii,
npozpamHi cucmemu.

This paper presents general information about the
complex of mathematical models and experimental
working off of separation systems of reactive shells
based on the MATMECH software package. The article
may be useful for scientific and technical workers of the
defense industry.
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The current state of the methodological basis for the
synthesis of gas-liquid heat-mechanical systems is far from
its transformation into a holistic scientific theory. At the
same time, in a number of ways of scientific and technical
development related to rocket and artillery engineering, de-
velops approaches to the integrated interconnected solution
of emerging problems of process modeling [1].

Mathematical models and methods have been developed
in the course of a number of scientific and research projects
since the days of the Soviet Union. The starting point for the
development of the software package «MATMECH» was
the work [2], which included the method of calculating the
functioning of the power gas drive. Further improvement
of these methods was carried out in the framework of sci-
entific and research projects conducted at the Baltic State
Technical University in conjunction with the research and
production enterprise «SPLAV» until 2000. And finally, the
latest version of the methodology became a reality thanks to
the development of computer technology and led to the de-
velopment of an application package (APP) of the machine
analysis of the MATMECH heat-mechanical systems [3].

It should be noted that the basis of the package are the
practical results of a number of studies. These are the works
of A.M. Lipanov [4], Ye.A. Kozlov [5] on the theory of in-
tracameral processes in solid-fuel rocket systems and link-
ing them into single set of tasks for calculating combustion,
heat transfer, strength, and solving these problems in sys-
tems of interconnected areas. In the ballistics of the barrel
systems and light-gas installations in a single complex, the
tasks of hydro gas dynamics, heat exchange, and dynam-
ics of movement of the projectile are linked. It should be
noted the work of L.V. Komarovsky [6], [.G. Rusyak [7].
In the dynamics of projectile — propellant complexes and
pyromechanisms, the tasks of calculating intraballistic and
dynamic parameters in systems of interconnected cavities
with moving elements are connected into a single complex.
Here we should highlight the results of Shipunov’s work,
[8]. When calculating the power gas drives of the simplest
scheme, the tasks of internal ballistics in the system vol-
umes, gas dynamics of the currents in the channels, and
movement of moving elements are jointly solved. Here we
should highlight the work of D.Kh. Spark [9].

Regarding the tasks of applied mechanics and ballistics
in the software complex «kMATMECH» implemented:

—  mathematical models and methods for calculating
the combustion of granular gunpowder in systems of com-
municating volumes, taking into account the transfer and
burning out of gunpowder grains in adjacent cavities;

—  mathematical models and methods for calculating
the functioning of gas-liquid pressure systems (GLPS) of
various design schemes;

—  mathematical models and methods for calculating
the dynamics of the opening on the trajectory of the divided
head part of volley fire shells (DW VFS) of various design
schemes and for determining the initial conditions of move-
ment of the separating combat elements;

—  established dependences of the influence of the
transfer of powder grains on the dynamics of the opening
of the DW VES;
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Table 1. The main characteristics of some initiating devices

Type of exploder T™-120 9E260 9E268

1. Characteristics of a squib:

— brand of powder SGP-2 SGP-3 SGP-3

— powder mass, g 8 +0,2 (2,45+0,1)x2 (4,5+0,2)x2

—type of charge bulk powder subpress subpress

checkers checkers

2. Size of working volume, cm3 8,0 2,5 5,85

3. Parameters of the bursting

membrane:

— material steel aluminum aluminum

— type of membrane without with central cruciform
notching channel notching

— geometric dimensions:

diameter, mm 18,7 2,8 10,0

Thickness, mm 0,5 0,2

—  the established dependences of the effect of resid-
ual gas in liquid cavities on the dynamics of the functioning
of the GLPS;

—  established dependences of the influence of con-
structive parameters and initial conditions of motion on the
dynamics of the opening on the trajectory of the DW VES
of various constructive schemes;

—  established dependences of the effect of heat losses
and non-stationary processes in highways on the dynamics
of typical gas drives DW VFS;

—  the established dependences of the influence of
aerodynamic heating and overloads acting on the DW VFES
on the trajectory on the stress-strain state of the structural
elements.

The solution of the tasks is achieved by forming a ho-
listic system of interrelated mathematical models and their
numerical implementation using finite-difference methods
as part of a single software complex that provides a solution
to the dynamic problems of a wide class of gas-liquid heat
mechanical systems in an automated interactive mode.

The developed calculation methodology is fully imple-
mented in the form of a single package of applied programs
for machine analysis of the gas-liquid heat mechanical sys-
tems «MATMECH», which is a parametrically adjustable
software complex.

We will provide general information about the systems
of separation of shells as objects for modeling the package
of applied programs for machine analysis of gas-liquid heat
mechanical systems.

Block modeling systems for the separation of rockets
includes the calculation segments: separation mechanisms,
opening mechanisms, mechanisms of combat elements scatter.

In turn, the separation mechanisms (as initial data for
modeling) are divided into gas-dynamic (powder charges,
brake motors, powder pressure accumulators), acro — and
hydrodynamic (brake plates), mechanical (springs), pneu-
matic (air pressure accumulators), explosives (pyrobolts,
detonation charges).

The opening mechanisms of head part (HP) are rep-
resented as gas dynamic (powder pressure accumulators,

pulsed powder charges) and explosive (detonation charges,
explosive) varieties.

And finally, the combat elements scatter mechanisms
are represented by five types of models: aecrodynamic (skew
feathering, shields), gas dynamic (separating engines, in-
flatable sheath, and pushers), inertial (spin up mechanisms,
engines, pins), explosive (explosive substance + central
pipes), mechanical (elastic spring loaded elements).

A characteristic feature of the package for calculating
ammunition of rocket-jet systems and, first of all, supplied
with cluster-type head parts, is the presence of a large num-
ber of models for calculating powder charges, intended for
separating, opening and cocking fusing devices of combat
elements (CE). At the same time, an important constructive
element of the model of a separating rocket, which automati-
cally controls its action on the trajectory, is the exploder. This
is due to the fact that the control function of the exploder is
to activate the mechanisms of separation, opening and engag-
ing the head part (HP) at a given most advantageous point in
time, or at the optimum trajectory point relative to the target.
At the same time, the final executive function of the exploder
is issuing a command to trigger the mechanisms in the form
of a reinforced igniter or detonation pulse.

The common constructive feature of models of initiating
devices in the MATMECH software complex is the place-
ment of a reinforcing powder squib in a small volume that
has a fracture element in the direction of the initiated link
(for example, charge of the HP section), made in the form
of a steel turned bottom or an aluminum rupture membrane
with thinning (an example is picture 1). The main character-
istics of the most used initiating devices produced in Russia
are presented in Table 1.

In the application package are also calculated the con-
structive schemes of RP (rocket projectile), in which sepa-
ration of HP from the rocket is carried out either by using
the resistance forces of the external environment or by the
internal forces created in the projectile.

In the first case, the HP separation is realized, for ex-
ample, by braking the rocket part using aerodynamic shield
or auxiliary brake engines.
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Figure 1 - Schemes of initiating devices used in models: a) mechanical tube TM-120,
b) remote-contact exploder 9E260, c) safety-actuating mechanism 9E268, d)
compartment separation device 9X59 (1 - powder squib)

The simulation algorithm is as follows: when braking
with aerodynamic guards, the last are installed in the folded
position on the tail section of the hull or on stabilizers. In
the next simulation cycle, the shields are opened, which in-
creases the aerodynamic resistance of the rocket part. The
shields are structurally simple and can be made, for exam-
ple, from steel sheets with stiffeners that twist around two-
three hinges. However, they are used only for projectiles
with high flight speeds or for separating head part in dense
environments (water).

The main calculated element of the mechanical separa-
tion device is: a bursting bolt that connects the head and
rocket parts of the projectile with their ends before the
separation begins, and the springs, the energy of prelimi-
nary compression of which ensures the outgoing of HP.
Such mechanisms are pretty simple in execution, but due
to the limited effort of compression (energy reserve) of the
springs, they cannot always provide a reliable separation,
especially when firing at a minimum distance, characterized
by high aerodynamic resistance of the HP.

The main calculated part of the pneumatic mechanisms
of separation is a cylinder with a piston making one-sided
straight-line displacement under pressure of compressed air
supplied at the right moment. Pneumatic separation mecha-
nisms do not bind the head and rocket parts, attaching only
to the last. Therefore, in order to connect the head and rock-
et parts, it is necessary to calculate special assemblies in
the form of pneumatic or pyro-locks, ensuring their strong
connection.

A feature of modeling the processes of separation of
volley fire shells is the separation of head part in dense lay-
ers of the atmosphere at high supersonic speeds, generat-
ing powerful aecrodynamic effects. Therefore, as the energy

sources used in the separable rocket projectiles for various
purposes, in the modeling uses charges with granulated
powders of the SGP brand, which form powerful force ef-
fects in the separation process.

One of the main tasks for developers is the creation of
mechanisms for opening the HP, which meet the require-
ments of the technical specification (in terms of speed and
separation time, overloads) with a significant reduction in
the actual loads. This is especially important for the devel-
opment of head part with combat elements that are sensitive
to shock type loads.

One of the ways to solve this problem is the use of pow-
der pressure accumulators (PPA), to which, taking into ac-
count the characteristic features of the functioning of the HP
on the trajectory, the following operational requirements are
imposed:

— arelatively high level of consumption characteristics
(G=3-10kg/s) with low mass-dimensional characteris-
tics;

— small operation time (t < 0.1 s);

— high sensitivity of the PPA charge to thermal effects,
ensuring reliable operation of the PPA at low pressure levels
(P=2.5 -4 MPa) and short times of thermal exposure (1 =
0.01 — 0.05 s) in the working zones of the cassette.

To solve this problem have been carried out the design
and development of a small-size PPA, based on proof of the
fundamental capabilities and practical utility of use in sepa-
rable cassette armament. During the development of PPA
were studied issues related to the choice of the brand of fuel
and fixing the charge in the working chamber. To select a
fuel brand were analyzed the fuels characteristics, the use of
which in the considered structure is responsible in varying
degrees, the requirements put forward above, namely:
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Table 2.
Comparative characteristics of the elements of fixation the separation mechanisms of
HP
The elements of Effort unlocking | The area of pressure | Pressure unlocking The ratio of the
fixation the element, at the unlocking of element, maximum unlocking
separation N, i the element, N, pressure to the
mechanisms ’ S Py =—= minimum
i M2 S” Pmax
MITa n=e
Pdl;ﬂlﬂ
The thread 138488-359792 0,0346 4,08-10,6 2,6
on the HP housing 12557-30920 0,00985 1,35-3,2 2,5
Groove inthe case | 5966 193257 0,00985 9,0-20,0 2,2
of HP
Explosive 125293-168654 0,0640 2,0-2,69 1,3
bolts 76371 -97963 0,0346 2,25-2,89 1,3
Fixing elements 37082-42183 0,0414 0,91 - 1,04 1,1
Hrusk"
roll up and 13440-24133 0,00255 5,37 - 9,65 1,8
rolling 25604-53955 0,02834 0,92- 1,94 2,1
Shear screws 18835-32962 0,0177 1,08- 1,9 1.8

— high nitrogen pyroxylin powder PVA;

— nitroglycerin low-gradient powder VBS-MG;

— high-nitrogen pyroxylin powder, working at low pres-
sure RPM-2;

— nitroglycerin new composition of increased strength
BMS-13, APS-29-10;

As a result of the analysis using the criterion of eco-
nomic efficiency (cost), it was concluded that the most pre-
ferred for use in the PPA are the compounds of the brand
VBS-MG G and PVA. Considering that the hygroscopicity
of PVA significantly exceeds the hygroscopicity of VBS-
MG, the last was recommended for use in the construction
of the PPA.

As for the charge attachment unit in the PPA case, in
practice used mainly two types of attachment points. In
the case of using supplementary charges, supporting dia-
phragms are used, and the “brush” type of attachment serves
to hold the powder elements in a special front attachment
point.

An indicator of the effectiveness of one kind of type
or another of attachment point is the reduced single charge
impulse that takes into account the mass of the attachment
point. In this case, it is desirable that the maximum pres-
sure in the loading chamber and the ejection of the thin
charge should be minimal. It should also be noted that the
use of the classical variant (bearing diaphragm) is advisable
for systems with relatively low power overloads (n <300
units), which ensure the absence of a significant emission of
a multi-stage thin-charge charge. It is not possible to com-
pletely eliminate charge ejection when using a diaphragm,
which is associated with a significant gas-dynamic pres-
sure drop leading to the removal of charge residues (4-7%)
through diaphragm slots.

As aresult, the construction of a powder accumulator has
been developed with an igniter device, reflecting the condi-
tions for switching PPS in the cassette warhead. The PPS is
a cylindrical single-nozzle chamber with a nineteen-piece
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Fig. 2 — Constructive scheme of the separation compartment with a forcing node in
the form of a weakened section - groove: 1 - HP case, 2 - groove, 3 - software, 4 - B3,

5 —RD case
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Fig. 3 - Fragment of the front separation compartment with a forcing node in the form
of a threaded joint: 1 - fairing, 2 - forcing node, 3 - powder charge, 4 - compensator,
5 —CE, 6 - HP shell of "soft" combat elements.

charge from VBS-MG and an igniter charge activated by the
throttle channel in the front wall of the PPS.

As a result of the research, the possibility of creating
small-sized PPS for separating the head part, ensuring the
stability and «softness» of the separation process at high
charge parameters, has been theoretically substantiated
and experimentally confirmed. It is most preferable to use
pressure accumulators based on thin-walled fuel elements,
which allow, under conditions of a sharp increase in the
working volume of the head part, to carry out effective ac-
celeration of the cassette due to the wide developed burning
surface and high charging density.

Fixation elements of separated parts

The following structural elements are most widely used
as fixing elements for separating parts in the mechanism
of detachment and opening projectiles: thread on the HP,
groove in the HP, bursting bolts and fixation elements —
«rusk». Comparative characteristics of the fixation elements
of the separating parts of the MLRS projectiles are shown
in Table 2.

The execution of the forcing node in the form of a
groove on the HP case (Fig. 2) or several threads on the
fairing (Fig. 3) are the most convenient and technologically

advanced, but they have a serious disadvantage associated
with large values of uncoupling efforts and the spread of
their values (the maximum value of the boost pressure to the
minimum is 1 = 2.2 — 2.6). An attempt to reduce the value
of the forcing of the thread cut-off through the use of the so-
called «slanting» bottom and milling part of the thread did
not give a positive effect: the coefficient | decreased from
2.6 to 2.5. In addition, in some cases there is not a cut of
coils, but a premature «openingy of the thread.

Using the groove as an element of fixation in the case of
the CCU also creates the hard work of the structure. So, for
example, in one of the standard products, where a groove
with thickness 6 = 0.7-0.15 mm is used, the unlocking pres-
sure is 9.0-20 MPa, and the realized experimental pressures
reach 19.6-26.14 MPa.

Therefore, as a fixing unit in the separation mechanism,
it is advisable to use explosive bolts, the number of which
determines the required level of force loading during sepa-
ration (Fig. 4). The ratio of the maximum release pressure
to the minimum in this case does not exceed 1.3 and, in the
course of the operation of the product, quite gentle loads on
the construction elements are realized (the overload on the
CA does not exceed 194-236 units). However, the use of
explosive bolts as a fixation unit of the separation mecha-
nism also has a significant drawback. One of the important
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Fig. 4 - Fragment of the tail compartment of separation with a forcing unit in the form
of explosive bolts with weakened sections - necks: 1 - CE, 2 - case of the HP, 3 -

cassette, 4 - explosive bolt, 5 - the bottom
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Fig. 5 - Fragment of a divided rocket projectile with a compartment of separation and

opening

factors determining their performance is the aerodynamic
heating of the projectile during the flight along the trajecto-
ry. This is due to the uneven thermal loading of various con-
struction elements of the projectile when interacting with
the oncoming air flow and, as a result, with the appearance
of power loads due to the different elongation of the case
and the CCU container rigidly interconnected by means of
boost elements. That is, due to the heterogeneity of tempera-
ture loading of construction elements, critical parameters of
force loading of boost elements may occur, leading to pre-
mature opening of the projectile on the trajectory.

The unstable operation of explosive bolts and the use
of increased accuracy (self-targeting and self-guiding) in
the separable projectiles of the new generation, operating at
overloads of no more than 100 units, required the develop-
ment of new elements for fixing the mechanism of separa-
tion and opening. Therefore, a special fixation mechanism
was proposed to ensure the separation of ammunition with
minimal power loads on the construction elements of pro-
jectile. As fixation elements, it uses loose-fitting elements —
“rusk” [10].

In Fig. 5 presented a fragment of a separating projectile
with a detachable head part 1 equipped with a parachute
compartment 9 and mechanisms of fixation, separation,
opening.

The parachute compartment, made in the form of a cas-
ing 8 with a bottom 5, is fixed in the case of the HP 7 by
means of two annular rows of segment elements 11, 6 and
studs 2, which tighten the software casing with the case of
the HP through the support ring 3.

The separation mechanism is located in the tail part of
the software and includes a charge of the separation 14, a
membrane 12 with an annular stop 10 placed in the cavity
of the compartment A.

The opening mechanism is rigidly fixed in the bottom
of the software 5 and is made in the form of a cylinder 4
with a piston 17, equipped with annular stops 16 and 18
that interact with each other. At the same time, the piston

of the opening mechanism is equipped with a powder open-
ing charge 19 and a hollow pusher 13 abutting the software
case.

At the same time, an accumulating cavity B is made be-
tween the wells of the software and the HP, powered by the
products of the autopsy charge and gas-dynamically con-
nected to the executive bodies of the HP 20 (powder charg-
es, explosive devices, control means, etc.). In turn, the sepa-
ration and opening charges are gas-dynamically connected
to the initiating temporary device located in the piston and
made, for example, in the form of a two-channel SEM’s 15.

The process of separation of the RP begins with the set-
ting of the initiating pulse to the charge of the separation,
the combustion products of which fill the separation cavity
and, at a pressure of 0.3-0.5 MPa, move the membrane with
the ring stop towards the HP. Under the action of axial force,
the fixation elements 11 are released from the engagement
and release the software from the HP case. Due to the pres-
sure on the casing, the parachute compartment together with
the head part is shot out of the case. In the process of shoot-
ing the fixing elements 6 come out of the shell and release
the casing from fastening with the bottom 5.

After separation of the HP from the RP (rocket part),
the head part makes an unstabilized flight and, due to the
chaotic motion, reduces the speed of movement along the
trajectory to the required value. Then, at a given flight time,
the second channel of the SEM’s is triggered and gives out
an initiating impulse to the opening charge 19. The products
of charge combustion fill the accumulating cavity and begin
to act on the piston 17, which through the pusher 13 trans-
mits the force to the walls of the casing 8.

The piston begins to move along the axis of the cylin-
der and through the pusher to move the shank of the casing
along the guide section of the bottom of the software 5. Then
the piston is fixed in the cylinder, blocking the penetration
of hot products of combustion of the autopsy charge into the
remaining non-working cavities, and most importantly, into
the cavity of the parachute compartment. Thus, sealing of
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the accumulating zone (performing the functions of a pow-
der accumulator of pressure) is carried out, as well as the
burning of the parachute fabric and the ingress of moving
elements (piston with a pusher) into the parachute canopy
when it is put into operation.

After entering the parachute into the incoming air flow,
braking and stabilized descent of the head part to the target
area are carried out. At the same time, in the process of put-
ting the parachute into action due to the actuation of the
opening charge, filling the accumulating zone with the giv-
en parameters and the presence of gas-dynamic connections
(channels or gas ducts with of HP the required cross-sec-
tional area), the required levels of power and heat impulses
are supplied and reliable activation of the HP executives.

The mechanisms of separation and opening can be sup-
plied with auxiliary and executive elements, distinguishing
for the PPC with cluster head parts. Auxiliary elements in-
clude elements that provide radial spread and dilution of the
trajectories of combat elements and separable parts of the
HP. The executive elements of the separation mechanisms
include, as a rule, movable stops, retarding devices of the
type 9X59 (URO) and heat receivers of the explosion de-
vices, which ensure the removal of the ED protection stage.

Thus, the implementation of the above approaches for
the working off of constructive solutions allows developing
a rational construction of the separation system of ammuni-
tion, providing reliable separation and opening of the HP in
conditions of unstabilized flight at high speeds at the point
of separation, as well as reliable operation of the executive
bodies of the HP.

The above overview of the general information of mod-
eling order of gas-liquid systems of rocket projectile sepa-
ration is shown in expanded form in [1]. The considered
models and principles of modeling formed the basis of the
software package of machine analysis of thermal mechani-
cal systems “MATMECH”, which allows to modeling the
functioning of the separating projectiles of a wide class of
constructive schemes and provides calculated support for
the process of their design and experimental working off.
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