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Summary:

The paper presents computational and mathematical model of the spatial
motion of a rocket with centering bulges and a pin on the body in a thin-
walled tubular guide mounted on two fixed supports and equipped with a
screw groove. The models take into account the interaction of the
projectile with the inner surface of the guide tube at the locations of the
drive pin and the centering bulge. The strength of the normal reaction of
the inner surface of the guide is found as a reaction to the elastic
deformation of the pipe caused by normal to its inner surface
displacements of the centering thickening at the point of contact with the
guide. In this case, the tubular guide is considered as an elastic thin-
walled shell. To calculate the values of the shell stiffness coefficient along
its length, the finite element method implemented in the ANSYS
Mechanical software package is used. The translational component of the
projectile motion is investigated on the basis of the theorem on the motion
of the center of mass. The rotational component is investigated on the
basis of the Lagrange equations of the second kind. The generalized
parameters of the rotational motion are the yaw Y and pitch 6 angles, the
angle of attack a, the angle of slip 8, and the angle of rotation of the
projectile around the longitudinal axis ¢. The aerodynamic angle of heel y,
is found from the transition formulas for the adopted coordinate systems.
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The yaw velocity angle Y, the pitch velocity angle 6, and the aerodynamic
roll angle y, as well as the first time derivatives of these angles are
converted into the yaw angles w and pitch u of the projectile axis and their
derivatives in the starting coordinate system.

Keywords: missile launcher, movable launcher, elastic model,
launching tube, spatial portion of movement, interaction forces, angles
of vectors, center of mass velocities, projectile axis angles.

Introduction

The creation of computational and mathematical models of the
movement of a missile in a launcher tubular guide (Fig. 1) precedes a
physical model. In most works, the projectile is considered to be a
smooth solid, which, when moving in a guide, tracks the angular
movements of the chassis and package of guides (Svetlickij, 1986),
(Somoiag et al, 2007, pp.95-97), (Antunevich et al, 2017, pp.207-208),
(Dziopa et al, 2010, pp.645-646), (Dziopa et al, 2015, pp.71-72). In fact,
the physical model of the movement of the projectile inside the tubular
guide is much more complicated. While moving, the projectile body rests
on the inner surface of the guide pipe centering thickenings. After the
penultimate centering, the bulge extends beyond the muzzle cut, the
projectile moves into the guide tube, resting on the inner surface of the
tube with the leading edge of the last centering bulge. The formation of
absolute angles of departure and angular velocities of departure due to
the relative rotation of the guide in the pipe and the movement of the pipe
itself during the flight in the pipe and their determination for the moment
of the descent of the missile from the launch guide constitute the
essence and the problem of angular initial disturbances of the missile
trajectories.

To solve the mission of a missile at launch from a launcher in design
models of projectile motion in a launcher, the same parameters defining
the position of the projectile should be used as in calculating the flight
trajectory. Such parameters (Fig. 2) can be the coordinates and the
velocity of the center of mass of the projectile, yaw velocity angles W,
pitch 8, determining the direction of the velocity vector of the center of
mass, the angle of attack a and the slip 8, determining the position of the
axis of the projectile relative to the velocity vector of the center of mass,
the aerodynamic angle y, roll, the yaw angles @ and the pitch u of the
projectile axis (Svetlickij, 1986), (Raducanu et al, 2009, pp.1459-1460).
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Figure 1 — Mobile launcher RSZO BM-21
Puc. 1 — MobunbHas nyckosasi ycmaHogka PC30 BEM-21
Cnuka 1 — CamoxodHu suweuyesHu 6auyay pakema PC30 bM-21

In modern designs of launchers, for giving the projectile rotation, the
tubular guide is provided with a screw groove, and a leading pin is placed
on the body of the projectile. The disadvantage of the above and many
other design models is that they do not take into account the impact on
the movement of the projectile and the launcher interaction of the
projectile and the guide launcher in a pair of pin-groove.

When determining the estimated area of dispersion of a series of
missiles launched from a mobile launcher, it is necessary to determine,
for each calculated elevation angle of the guideline, a reference or a
baseline trajectory obtained by simulating the launch of the projectile
from the central position of the guide package with its static equilibrium
and no fluctuations of the launcher. This condition leads to a
computational model of launching a projectile from a single tubular guide
rigidly connected to the base. Such a model can also be used to
determine calculated tabular corrections for changes in the ballistic and
meteorological conditions of the launch.

Unlike traditional methods for calculating the interaction force
between a projectile and a tubular guide using differentiated coupling
equations (Svetlickij, 1986), (Somoiag et al, 2007, pp.95-97), (Shyiko,
2014, pp.47-51), the normal reaction force of the inner surface of a guide
pipe can be viewed as a reaction to the elastic deformation of the pipe
caused by projectile support points normal to the inner surface of the
pipe. at the point of contact with the guide (Bogomolov, 2003, pp.207-
208). Such a computational model of the dynamic response of the tubular
guide allows us to directly associate the resulting reaction with the
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translational and rotational components of the displacement of the
projectile relative to the guide tube, which greatly simplifies the
calculation of this force in the numerical integration of the equations of
motion.

Purpose of the research

The purpose of the research was to develop computational and
mathematical model of the spatial motion of a rocket with centering piles
and a leading pin on the body in an elastic thin-walled tubular guide fixed
on rigidly fixed base supports and equipped with a screw groove that
take into account the interaction of the projectile with the inner surface of
the guide rail at the locations of the leading pin and centering projectile
thickening. The aim was also to calculate the values of angles and
angular velocities of the projectile when departing from the guide, using
the characteristics of the elastic properties of the guide.

Presentation of the main material

We consider the movement of a jet projectile with centering bulges
in a pliable elastic tubular guide which has an inclined helical groove for
the driving pin on the projectile body, and we obtain the differential
equations of the projectilie motion after the exit of the penultimate
centering bulge from the guide tube. To do this, we introduce the
necessary coordinate systems and angles that determine their mutual
positions (Fig. 2):

- an immovable coordinate system CX.¥nZ: permanently
connected with the guide, the origin of which is in the initial position of the
projectile center of mass, and the axis xn of which coincides with the
longitudinal axis of the guide tube — the launch coordinate system,

- afixed coordinate system C'xyz, the origin of which is in the initial
position of the projectile center of mass - the starting coordinate system,

- the trajectory coordinate system CTNB with the beginning in the
projectile center of mass, the axis T of which coincides with the velocity
vector of the center of mass,

- the velocity coordinate system Cx,Yy.z, with the origin at the center
of mass, the ya axis of which coincides with the velocity vector of the
center of mass, and

- the semi-connected coordinate system C(En, which is always
connected with the projectile, does not participate in the projectile
rotation around the longitudinal axis and the beginning of which is in the
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projectile center of mass, and the axis { coincides with the projectile
longitudinal axis.
The forces acting on the projectile (Fig. 2) are: the reactive force

p(t), the force of gravity mg, the normal reaction R of the pipe surface

at the reference point "A", the friction force F, at the reference point

associated with the movement of the projectile along the guide and equal
to ‘R, where f is the coefficient of friction between the surface of the
projectile and the surface of the tubular guide, the normal reaction of the

screw groove N(t), and the friction force between the drive pin and the

side surface of the screw groove, equal to KN  where p is the
coefficient of friction between the drive pin and the side surface of the
screw groove. Since the projectile has a forced rotation by means of a

screw groove and a pin, the circumferential tangential friction force FT,

between the body of the projectile and the guide is added to the acting
forces.

Figure 2 — Coordinate systems and angles that determine their mutual positions on the
site of the spatial movement of the projectile in a tubular guide
Puc. 2 — Cucmembl KoopduHam u yenbl, ornpedenisouue Ux 83aUMHOE MOIOXEHUE Ha
ydacmke npocmpaHcmeeHHo20 08UXXKeHUs1 cHapsida 8 mpyb4yamol Hanpasnsouel
Cnuka 2 — KoopduHamHu cucmemu u yarosu Koju odpehyjy Huxoe mehycobHu nomnoxaj
Ha Mecmy nPOCMOpPHO2 Kpemaka npojekmuria y JlaHCUpHoj yesu
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The tubular guide is a thin-walled structure that provides the
necessary rigidity and strength with a relatively light weight. From the
standpoint of continuum mechanics, the guide can be considered as a
thin-walled shell placed on supports elastic with respect to transverse
displacements, rigidly attached to the base and loaded from the inside by
sliding pressure forces of the projectile support belts (Bogomolov, 2003,
pp.207-208). When calculating the deflections of such a shell from the
action of the radial force applied from the inside of the shell at different
points forming the inner surface of the shell, we find the values of the
coefficient of radial stiffness of the tubular guide along its length.

Figure 3 — Finite-element model of a tubular guide, modeled by the ANSYS finite-
element analysis software package
Puc. 3 — KoHeyHo-anemeHmHas modesnb mpybyamol Harnpasnsouwed,
cmodeniuposaHHasi rpoepamMMHbIM MaKkemom KOHe4YHO-3rieMeHmHo20 aHanuza ANSYS
Cnuka 3 — Moden koHa4yHUX enlemMeHama faHcupHe uesu, modesiosaH nomohy ANSYS
coghmeepcKoe nakema ca KOHa4yHUM efieMeHmuma

To calculate the values of the stiffness coefficient in this work, we
used the ANSYS Mechanical software product which analyzes the
stress-strain state of the shell structure in which it is performed in a finite
element analysis package. The finite element model of the guide, which
includes the pipe and fragments of the bearing diaphragms of the guide
package, is shown in Fig. 3.

Fig. 4 shows the result of a further approximation of the calculated
tabulated deflection function & from the action of the radial force P = 647
N at the point of application of force with the aim of smoothing it by a 7th
degree polynomial by the least squares method.The coefficient C of the
radial stiffness of the tubular guide at the point of force application is
determined by dividing the magnitude of the applied force by the value of
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the radial displacement of the inner surface of the pipe at the point of
application of force.

0, mm

0,3 =

0,1+

1.6

(5]
!\J
B
(=]
oo

Figure 4 — Approximation of the results of calculating the values of radial elastic
displacements & from the action of the radial force P = 647 N in the place of application of
the force by a polynomial of the 7th degree
Puc. 4 — Annpokcumayus pe3ynbmamoes pacdema 3HadyeHul paduarbHbiX yrpyaux
nepemeuw,eHuli & om delicmeusi paduarnbHou cusibl P=647 H 8 Mecme npumnoxeHusi cusibl
nonauHoMom 7-oli cmeneHu
Cnuka 4 — lNpubnuxHu pe3ynmamu npopavyHa epedHocmu padujanHux eaacmuyHuUx
rniomaka & 00 degjcmea padujanHe cune P = 647 H Ha mecmy npumeHe cusie rnosiuHoOMoM
7. cmeneHa

The projection, magnitude and direction of the vector p (Fig. 5) of

the radial displacement of the axis of the projectile relative to the axis of
the pipe in the plane of the cross section of the pipe containing the point
“A” of the contact of the projectile with the pipe, on the axis of the launch
system C'x,y,z, , the axis of which x, coincides with the longitudinal axis

of the projectile, are defined using the generalized coordinates of the
shell as follows:

py:yn_un'Ln s Pty (1)

p=ypy+p7; tgﬂ:pz/_py) (2)

where y, ,z, are the coordinates of the center of mass of the projectile
in the launch coordinate system C'x,y,z,; L, is the distance from the
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center of mass to the beginning of the last centering thickening; and
y,,u, are the angles that determine the position of the axis of the
projectile relative to the axes of the launch system C'x,y,z,. The value
of the elastic reaction:

R=C-6 , S=p-A>0, (3)

where &6 is the value of the elastic deformation of the guide tube at the
point of contact of the centering thickening with the pipe, and A is the
value of the technological radial clearance between the centering
thickening on the projectile shell and the inner surface of the guide tube.
Y, A

Figure 5 — Elastic response of the tubular guide to the pressure of the centering
protrusion of the projectile
Puc. 5 — Ynpyeas peakuyus mpyb4amol Hanpaensouweli Ha 0asreHue yeHmpupyrouiezo
rnosicka cHapsida
Cnuka 5 — EnacmuyHa peakuuja naHCcuUpHe yesu Ha npumucak ueHmpupajyhee rnojaca
npojekmurna

The projections of the elastic reaction of the guide tube R on the
axis of the launch coordinate system C'x,y,z, are respectively equal to:

R, =0; Ry=—R-,0y/p; Rz:_R'pz/p- (4)
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Fig.6 presents the calculated values of the elastic reaction R of the
guide at the contact point along the length of the spatial motion section of
the M-210F type missile inside the tubular guide with a helical groove
like the guide of the BM-21 mobile launcher at various elevation angles
By of the tube guide. The estimated wall thickness of the guide tube is
h =2.0 mm. The guide length is adopted to be L = 3.0 m. Fig. 7 shows
the calculated change in the force R in the initial portion of the spatial
motion of the projectile in the pipe.

It can be seen that, regardless of the specified initial elastic
deformation of the guide tube, the force R converges quickly enough to a
single calculated dependence. The length of the installation area is about
3 mm. Short-term calculated fluctuations in the elastic deformation of the
pipe and the force R in the end do not affect the nature of the calculated
dependences for the quantities characterizing the projectile movement.

R, N
1600

1200

800 e

400

2 2.2 2.4 2.6 2.8 3
X, m

Figure 6 — Calculated values of the reaction R of the guide at the point of contact along
the length of the section x of the spatial movement of the projectile at different elevation
angles 6, of the tubular guide: 1— 6y =19°4’ 2 -6, = 33°3" 3 — 6,=45°46".

Puc. 6 — PacuemHble 3Ha4deHuUs1 peakuyuu R Hanpasnsouwel 8 moyke KOHmakma ro
OruHe ydacmka X rpocmpaHCcmeeHHo20 d8UXeHUs cHapsada npu pasfuyHbIx yanax 6o
8038bllWeHUs mpybyamol Hanpaensowel: 1— 6y =1 904’; 2—-6p= 33036; 3-6y =45%46".
Cnuka 6 — U3padyyHame spedHocmu peakuyuje P naHcupHe uesu y mayku KoHmakma 0yx
ceameHma X MpocmopHo2 Kpemarba npojekmuria Ha pasnuqumum yenoeuma enesauuje
0o naHcupHe uesu: 1— 6, =194 2 — 6, = 33°36; 3 — 6, = 45°46".
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400
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Figure 7 — Calculated reaction values R of the guide along the length x of the initial part of
the spatial motion of the projectile at 6, = 33°36" and different initial values of the
deformation of the guide tube at the point of contact: 1 - no deformation; 2 - deformation
on a force equal to the projectile weight.

Puc. 7 — Pac4yemHbie 3HadyeHuUs1 peakyuu R Hanpasnsrowel no 0/1uHe X Ha4aribHO20
y4Jacmka rnpocmpaHcmeeHHo20 08UXXeHUs1 cHapsida npu 6o =33°36" u pasnuyHbIX
HayaslbHbIX 3Ha4YeHuUsIx dechopmayuu mpybel Hanpasnsauwel 8 mo4yke KoHmakma: 1—
deghopmauyusi omcymemsyem; 2— Oeghopmayusi om cusibl pagHol 8ecy cHapsoa.
Cnuka 7 — UspadyyHame gpedHocmu peakyuje P eoduwma Oyx AyxuHe X noyemHoe
deria NpocmopHo2 Kpemakba rpojekmurna Ha 6y = 33°36'u pasnuqume noyemHe
8pedHocmu Oeghopmayuje naHcupHe yesu y mauku dodupa: 1 — Hema deghopmayuje; 2 —
dechopmayuja 00 cune Koja je jeOHaka mexxuHU rpojekmurna.

The normal dynamic reaction force of the screw groove is found by
the dependence (Bogomolov, 2003, pp.81-82):

N(t)=k;-P(t)=k;-Q, (5)

where k;,k, are the coefficients depending on the angle of inclination of
the screw groove o, the coefficient of friction f of the projectile on the
guide, the angle 6, of inclination of the guide; projectile mass mg; and
moment of inertia | of the projectile relative to the longitudinal axis.
The total projections of the force N(t)and the friction force of the
screw groove on the axis of the launch coordinate system C'x,y,z, in

the corresponding designations Nx, Ny, Nz are
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N, (t)=-N(t) - (sinapg+pu-cosay).
N, ()==N(t)-(cosoy — u-sinay)-sing,. (6)
N, (t)=N(t)-(cosay—pu-sinag)- cose,.

where @, is the angular coordinate of the groove (Fig. 5).

The differential equations of motion of the center of mass of the
projectile in a fixed launch coordinate system C'x,y,z, and in the

projections on the axis of the CTNB trajectory system are given at the
end of the article together with the equations of rotational motion of the
projectile relative to the center of mass in a single system of equations
(14).

To compile the equations of the rotational motion of the projectile
relative to the center of mass, we use the Lagrange equations of the 2nd
kind in the generalized coordinates:

)= (7)
l 1

The generalized coordinates of the rotational motion of the projectile
relative to the center of mass in the coordinate system Cx'y’z’, which
moves progressively with the center of mass of the projectile and whose
axes are parallel to the axes of the starting system C'xyz, which has a
start in the initial position of the center of mass of the projectile, are the
angles ¥ and 6 which determine the direction of the tangent to the
trajectory of the center of mass, the angles o and  which determine the
direction of the projectile axis with respect to the tangent, and the angle ¢
of the projectile rotation around the longitudinal axis.

When considering the motion of a projectile with respect to its center
of mass, we take into account only the kinetic energy of this movement,
not taking into account the energy of translational motion. In this case:

T=é-(A-p2+B-q2+C-r2), (8)

where A, B and C are the moments of inertia of the projectile relative
to the main central axes of inertia, which are the axes of the semi-
connected system C{n(, which does not take part in the rotation of the
projectile around its longitudinal axis ¢ (Fig. 2), p, q, and r are the
projections of the instantaneous angular velocity vector of the projectile
on these axes.
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Figure 8 — Calculated values of the reaction force of the screw groove N and its
projections on the axes of the starting coordinate system, as well as the yaw velocity
angle Y along the length x of the spatial movement of the projectile at different elevation
angles 6, of the tubular guide: 1— 6, =19°4": 2 — 6, = 33°36": 3 — 6, =45°46".

Puc. 8 — PacuemHble 3Ha4deHUs cuslbl peakyuu suHmoegozo nasa N u e2o npoekyud Ha
ocu r1yckosol cucmemMbl KOopOUHam, a makXxe CKOPOCMHO20 yena pbickaHus Y no
OruHe y4acmka X rnpocmpaHCcmeeHH020 08UXEHUST CHapsida rnpu pasiuYdHbIX yenax 6
8038bIlWEHUs] mMpy6Yamoll Hanpasnsiowel: 1 — 6, =19°4% 2 — 6, = 33°36% 3 — 6, =45°46".
Cnuka 8 — lNpopayyHame epedHocmu cuine peakyuje criupanHoe eujka N u heHux
npojekyuja Ha ocu cmapmHoa KoopOuHamHoe cucmema, Kao U y2ao ckpemara bp3uHe
Y Oy ceemeHma x npocmopHOe Kpemakrba Mpojekmuria Ha pa3nudumum yernosuma
enesayuje 6y naHcupHe yesu: 1—6p = 1904’,' 2—-6p= 33036’,' 3- 6, = 45%46’,

The components of the angular velocity of the projectile will be
considered as the angular velocity associated with the rotation of the axis
of the projectile and its own rotation. We obtain the instantaneous
angular velocity of the projectile by sequentially adding the angular

velocities of the trajectory system relative to the starting (¥ +6), the

velocity system relative to the half-connected system (&+[§), and the
angular velocity of its own rotation ¢ (Fig. 2). In this way:

f)=¥7’+0?+075+,87+(}3. (9)
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Figure 9 — Calculated values of the pitch angle u and the yaw angle y of the axis of the
projectile along the length x of the spatial movement at different elevation angles 6y of the
tubular guide: 1 — 6, =19°4’ 2 — 6, = 33°36"; 3 — 6, =45°46".

Puc. 9 — PacuemHble 3HayeHUsi yana maHeaaxa v U yara pbicKaHus Y ocu cHapsida no
OnuHe yyacmka X IpocmpaHCmMa8eHHO20 08UXEHUS MPU pasiuyHbIx yenax 6y
8038bIWeHUs mpybyamou Hanpasnsowel: 1 — 6y =1 904’; 2—6p= 33036’; 3 -6, =45%46".
Cnuka 9 — MspayyHame epedHocmu yena Hazuba v U yana y ckpemarba 0CO8UHE
npojekmurna Oyx QyXKUHEe X MPOCMOPHO2 Kpemarba Ha pasfudumum yarnosuma enesayuje
0o naHcupHe uesu: 1— 6, = 19°4 2 — 6, = 33°367; 3 - 0, = 45°46".

Summing up the projections of the components of the angular
velocity, we will get:

p=12 =l/'/-cos(9+a)+,b"+9-7/a;
q=12, :l/'/-sing-ﬂ—l//-cosﬁ-ya+¢9+d,‘
r=Qp =y -sin(0+a)+p-0-p+p-a. (10)

Substituting (10) into the expression for the kinetic energy of the
projectile (8) and calculating the derivatives of the kinetic energy of the
projectile according to the corresponding generalized coordinates and
velocities in the Lagrange equations (7), we obtain differential equations
of the rotational motion of the projectile in the tubular guide for the angles
of attack a and slip B which are given below together with the equations
of motion of the center of mass. The differential equations for the velocity
angles W and O are obtained by writing the equations of motion of the
center of mass on the axis of the trajectory coordinate system. The
aerodynamic angle of heel ya of the transition from the trajectory
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coordinate system to the velocity coordinate system is determined from
kinematic considerations. For this, we consider the transition matrices
from the starting to the trajectory coordinate system, from the trajectory
to the velocity coordinate system, and from the velocity to the semi-linked
coordinate system, as well as the matrix of the direct transition from the
starting to the semi-linked coordinate system. Multiplying successively
the first three matrices and equating the corresponding elements of the
obtained matrix and the direct transition matrix, we will get:

cos f3-cos O

The time derivative of the aerodynamic angle of heel ﬁ/a, which is

included in the equations of rotational motion of the projectile, is found by
differentiating in time (11):

7q=1/cosy, -[tg@/cosz ﬂ-,Bthgﬂ/cosz 9-6} (12)

The angle of rotation of the projectile ¢, the speed ¢ and the
acceleration ¢ of its rotation are easily found from kinematic

considerations and are determined by the angle of inclination of the
screw groove. The yaw angle Wn and the pitch angle 6n of the velocity
vector of the center of mass of the projectile in the launch coordinate
system are determined by integrating the equations of motion of the
center of mass into the projections on the axis of this coordinate system.
The yaw angle W and the pitch angle 8 of the velocity vector of the center
of mass of the projectile in the starting coordinate system are determined
by integrating the equations of motion of the center of mass into the
projections on the axis of the trajectory coordinate system.

The yaw y, and pitch u, angles which determine the position of the
projectile axis in the launch coordinate system C'x,y,z, are necessary

for calculations by dependences (2), (3) of the pipe elastic reaction force,
which are calculated by the angles ¥, ,0,,¥,6,0,3. For this, the matrix

of the guide cosines between the axes of the launch C'x,y,z, and the
semi-connected CC&n coordinate systems is determined by successive

transitions from the launch to the trajectory system by turns at the angles
W, and 6, from the trajectory to the velocity coordinate system by
rotation at the angle y,, from the velocity to the semi-connected system
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by turns at the angles B and a and its elements are equated to the
elements of the matrix of the direct transition from the launcher to the
semi-connected system by turns at the angles yn and u,,.

O, deg.
»0e9 B, deg.
0.04 0 —
\\
0 i
o \\\
1 \ N\
N -0.004 g
-0.04 \ \\
NN ~\\
Nt
| N | \
NN N
-0.08 <SS \\
| N N \ -0.008 N
N3 \\\
\
0.12 .
<2 1 3 1
B \
1 3 \
-0.16 T -0.012 T
2 22 24 26 28 3 2 22 24 26 238 3
X, m. X, m

Figure 10 — Calculated values of the angle of attack a and the angle of slip 8 of the
projectile along the length of the section x of spatial motion at different elevation angles 6,
of the tubular guide: 1 — 6, =19°4’; 2 — 6, = 33°36"; 3 — 6, =45°46".

Puc. 10 — PacyemHble 3Ha4YeHUs yera amaku o U yana CKonbxeHusi B cHapsida ro OnuHe
yyacmka X npocmpaHcmeeHHO20 08UXEHUST PU pasuydHbIX yernax 0y 8036bIEHUS
mpy6yamol Hanpasnsowel: 1— 6y =1 904’; 2—-6p= 33036’,' 3 -6y =45%46".

Cnuka 10 — UspayyHame speOHOCmU HanalHoe yana a u yana knusara B npojekmura
Oy OyXKUHe npeceka X NPOCMOPHO2 Kpemarba Ha pasnuyumum yernosuma enesayuje 6y
naHcupHe yesu: 1— 0 = 19°4 2 - 6, = 33°36”; 3 - 6, = 45°46’.

If the generalized coordinate is the rotation angle, then the
generalized force in equation (7) is the projection of the acting moment
onto the axis of the elementary rotation. In this case:

Qa:MazMn’ Qﬂ:Mﬂ:Mya’ (13)
where M, is the moment of forces acting on the projectile relative to

the axis of rotation by an angle a (axis n in Fig. 2), and Mg is the moment

of acting forces relative to the axis of rotation by an angle B(axis y. in
Fig.2).
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By writing the equations of motion of the center of mass of the
projectile in the projections on the axis of the launch C'x,y,z, and

trajectory CTNB coordinate systems and adding to them the equations of
rotational motion of the projectile relative to the center of mass in the
form (7), we obtain the following system of equations which corresponds
to the spatial motion of the projectile in the tubular guide:

1)y == [P(t)~(mg-cos O Ny (1))-f -

-mg-sin@y+N,(t)+ Ry, [,

Lo
2).y, =E-[—mg-cos@0 +Ny(t)+R2y];

3).2, =L (N.(1)+ Ry.):
m

4).V =3F /m;

5).0=3Fy/(m-V);
6)y==—2Fg/(m-V-cos@),

7). B-Gi+(4-C)-[¥7° -sin(0+a)-cos(0+a )+

. . . (14)
+-Besin(0+a)] —H-[¥-cos(0+a)+B|=M,;

8). A-f+A-[~F-0-sin(0+a)+0-7, |-
—B'|:¥./2'Sil’lﬂ'COSﬂ"f‘y}'COSﬂ‘(9+d):|+
+C-[¥-d-sin(O+a)+¥-0-sin0+
+p-(0+d)+p-a-07-B]=M,

The total vector of moments acting on the projectile forces relative to
its center of mass is written as follows:

Mc=a’4x]_éz+§<’x[\?z, (15)

where Ry =R+F, +F, represents the vector sum of the forces

applied at the reference point "A", and Ny =N(t)+F,, is the vector sum
of the forces applied to the projectile pin at the point “K” (Fig. 2). The
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projections of this vector on the direction of the n and y, axes give the
moment values Myand M, .

7\,,deg. 7\., deg.

10 0

NN
3

/"\ 10 N
0 RS '

/74

. AN * Ny
) 2 40 \\2
4 3 3
-30 -50
2 22 2.4 2.6 2.8 3 2 22 24 26 28 3
X, m X, m

Figure 11 — Calculated values of the angle A of the contact of the projectile with the guide
(Fig. 5) along the length of the section x spatial movement with a slope angle of of the
screw 2.5° and the initial angular coordinate of the screw groove @no= 1 5° (left) and @no =
30° (right): 1-6p=19°4 " 2-0, = 33°36 " 3 - 6, = 45°46 ",

Puc. 11 — PacyemHble 3Ha4deHusi yena A KoHmakma cHapsi0a ¢ Hanpasnsouwel gauc. 5)
1o OnuHe yyacmka X npocmpaHCmMeeHHO20 08UXEHUSI C y2I0M Hak/ioHa 2.5~ u
HayvarnbHoU yero8ol KoopOuHamoU 8UHMOB020 rnasa Qno =1 5° (cnesa) u @no =30°
(cripasa):1— 6, =19°4 2 — 6, = 33°36"; 3 - 0, =45°46".

Cnuka 11 — UspadyHame epedHocmu yana A KOHmakma rnpojekmursna ca soouwmem (ci.
5) Ayx OyxuHe npeceka X MPOCMOPHO2 Kpemarba ca yariomM Hazuba 2, 5° u noyemom
y2aoHoOM KoopduHamom criupanHoz eujka Qo = 15° (neso) u @no = 30° (0ecHo):1 — 6p =
19°4 % 2-6,=33°36 " 3— 6= 4546 "

As a result of the numerical solution of the system of differential
equations (14), we find the values of the velocity of the center of mass of
the projectile V, the angles W and 8, which determine the direction of the
velocity vector of the center of mass in the starting coordinate system,
the angles a and B, which determine the direction of the axis of the
projectile with respect to the velocity vector, as well as the numerical
values of the components of the angular velocity of the projectile

‘i’, é&B (Fig. 2). Since the spatial orientation of the projectile axis in the

starting coordinate system is determined by the angles y and u (Fig. 2)
when calculating the parameters of the projectile trajectory, then, by
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converting the coordinates, the obtained angles are recalculated by y
and u.

The instantaneous angular velocity of the projectile is determined by
dependence (7). On the other hand, this angular velocity

Q=y+0+¢ (16)
Equating the right-hand sides of (7) and (14), we will obtain
Gro=Y+0+a+p (17)

By writing, using the transition tables, (17) in the projections on the
axis of the rotation angles y and u, which are the y’ and n axes, (Fig. 2),
we obtain, respectively:

(/)=5’7+,B-cosya-cos@; V=0-cosy, cosf+d (18)

In Figs. 9 - 11, the results of the calculations of the movement of an
M-210F missile inside the tube guide of a BM-21 mobile launcher are
presented. In Fig. 8, the left side shows the calculated values of the
reaction force of the screw groove N and its projections N, Ny, and N, on
the axis of the launch coordinate system C'x,y,z, along the length of

the spatial motion of the projectile at an elevation angle of the tubular
guide 6, = 33°36’. The calculated values of the angle A of the contact of
the projectile with the guide according to Fig. 5 are given in Fig. 11. The
content of the remaining figures can be seen from the figure captions.

Conclusions

1) A computational and mathematical model of the spatial motion of
a rocket with centering thickenings and a leading pin on the housing in an
elastic thin-walled tubular guide provided with a screw groove on the
fixed supports is developed, taking into account the interaction of the
projectile with the inner surface of the guide tube at the locations of the
leading pin and centering thickenings of the projectile.

2) The force of the normal reaction of the inner surface of the guide
acting on the projectile is found as a reaction to the elastic deformation of
the pipe caused by normal center-of-center displacements of the tube in
contact with the guide. In this case, the tubular guide is considered as an
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elastic thin-walled shell. To calculate the values of the shell stiffness
coefficient along its length, the finite element method implemented in the
ANSYS Mechanical software package was used.

3) The generalized parameters of the rotational motion of the
projectile are the yaw velocity angles ¥ and pitch 6, the angle of attack a
and the slip angle B3, as well as the rotation angle around the longitudinal
axis @. The time derivatives of the yaw velocity angles W and pitch 6 are
determined by writing a theorem on the motion of the center of mass of
the projectile on the axis of the trajectory coordinate system CTNB and
are taken as components of the angular velocity of the projectile. the
generalized calculated parameters of the rotational motion are the angle
of attack a and the slip angle B, as well as the rotation angle around the
longitudinal axis ¢. The aerodynamic angle of heel y, is found from the
transition formulas for the adopted coordinate systems. The yaw velocity
angles W, pitch 6, the aerodynamic roll angle y,, the angle of attack a
and the slip angle B as well as the first time derivatives of these angles
are converted into the yaw angles w and pitch u of the projectile axis and
their derivatives in the starting coordinate system.

4) The results of the calculations of the above angles, as well as the
forces on the pin and at the point of contact of the projectile with the
guide, are presented.
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MOJENPOBAHUE ABMXXEHUA PEAKTVBHOIO CHAPSALA B
TPYBYATOW HATIPABNAIOLWEN MYCKOBOW YCTAHOBKW

AnekcaHdp H. LWuiko, koppecnoHaeHT , AHamonuti M. MNasnioyeHko?,

Anekced A. O6yx0|36, MUzopbk B. Konnbik®

@ HauuoHanbHbI arpapHbii yHusepcuteT, CyMbl, YkpanHa

e Hay4Ho-uccnepoBaTenbCckuid LEHTP PaKeTHbIX BOWICK U apTUInepum,
Cymbl, YkpauHa

® FocyaapcTeeHHbIN yHuBepeuTeT, CyMbl, YkpanHa

PYBPUKA TPHTW: 78.25.16 BoopyxeHne 1 TeXHWKa pakeTHbIX BOWCK;
78.25.17 BoopyxeHue n TexHuka Bovick NBO

BWO CTATbW: opurmHanbHasa HayyYHas ctaTbsl

A3bIK CTATbW: aHrnuinckmn

Pe3some:

B QanHol cmambe npedcmaeneHbl pacdemHass U Mamemamu4yeckasi
modeniu  NpocCMpPaHCMBEeHHO020 O8UXeHUsI peakmueHo20 CHapsida ¢
UEHMPUPYOWUMU YMOMUWEHUsIMU U 8e0yWumM wmudbimoM Ha Kopriyce 8
MmoHKocmeHHoU mpybdamol Hanpaensouwlel, 3akperieHHolu Ha d8yx
HernoOs8WXHbIX oropax U cHabxeHHoU euHmosbiM rna3oMm. Modenu
yqumsigarom g3aumodeticmeue cHapsida ¢ 8HymMpeHHel rno8epxHoCmMbto
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mpy6bl Hanpaesrnsowel 8 Mecmax pasmMeweHuss sedywezo wmugpma u
ueHmpupyrouwueeo  ymonueHus.  Cuma  HopmarnbHOU  peakyuu
8HympeHHel Mo8epxHOCMU Harpasrnsiowel Haxo0umcs Kak peakuyusi Ha
ynpyeyto deghopmayuro mpybbl, ebi3gaHHasi HOpPMalbHbIMU K ee
B8HympeHHel  MoeepxHoCMU  nepeMeweHUs MU UeHmpUpyowezo
ymornuwieHuss 8 Mecme KoHmakma ¢ Hanpaenswouwel. [Npu amom
mpybyamasi  Hanpaenswasl  paccMampueaemcs  Kak  yrnpyaasi
moHKocmeHHasi obornouka. s pacdema 3HadeHul KoaghgbuuyueHma
Jxecmkocmu 060s104KU 110 ee OrUHEe UCTOMb3yemcss Memod KOHEYHbIX
arleMeHmMos, pearnu3osaHHbil 8 rnakeme rpoepamm ANSYS Mechanical.
lMocmynamernbHas cocmaensrouast d8uxxeHusi cHapsida uccriedyemcs Ha
OCHOBaHUU meopeMbl O O08UXeHUU ueHmpa macc. BpawamernbHas
cocmaensrwas uccredyemcs Ha OCHo8aHUU ypasHeHul JlagpaHxa 2-20
poda. O606WeHHbIMU Mapamempamu  spawiamesibHo20 O8LXKEHUS
S6/15H0MCS CKOPOCMHbIE Yeribl pbickaHusi W u maHaaxa 6, yeos amaku a,
Y2011 CKOIbXXeHUs 3, 201 nogopoma cHapsida 80Kpya rpodosibHOU ocu .
AspoduHamuyeckuli y2ors1 KpeHa Y, Haxooumcsi u3 ¢popmyr nepexoda 0nsi
MpuHaMbIX cucmeMm KoopOuHam. CKOpOCMHble Yeribl pbickaHus Y,
maHeaxa 6, aspoOuHaMuYecKUll yeorn KpeHa Y, U repsble npou3800HbIe
M0 8peMeHU 3Mmux ya/108 Mepecyumbi8aomcs 8 yafibl pbiCKaHusl Y U
maH2a)xka U ocu cHapsida u ux rMpou3sodHble 8 cmapmosol cucmeme
koopOuHam. [IpusedeHbl  pe3ysibmambi  pac4yemos  HEeKOmMopbIX
yKasaHHbIX 6bile yerios, a makxke Cuf Ha wmughme U 8 IMOYKe
KOHMaxkma cHapsida ¢ Harnpassowed.

Knrouesbie criosa: peakmusHbill CHapsid, MycKosasl ycmaHoeka,
ynpyeasi Modesib, mpybyamasi Harnpassnsowas, npocmpaHcmeeHHbIl
ydacmok 08U)XeHusi, cuna e83aumodelcmeusi, yellbl 8eKmopa,
CKOpOCMU ueHmpa macc, yaribl ocu cHapsioa.

MOIOENNPAHE KPETAHA NMPOJEKTUIA Y TAHCUPHOJ LIEBU

AnekcaHdap H. lujko, ayTop 3a npenucky?®, AHamoruj M. MNaerby4eHko’,

Anekcej A. Obyxos’, Mzop B. Konnuk®

@ HauuoHanHm norbonpuepeaHn yHueepauteT, Cymu, YkpajuHa

o Hay4HoncTpaxuBayku LieHTap apTUrbepujcko-pakeTHNX jeamHnua,
Cymu, YkpajuHa

® OpxaBHu yHuBepanteT, Cymu, YkpajuHa

OBJIACT: MexaHuka, apTUIbepUjCKO-pPaKETHO HaopyXahe
BPCTA UJTIAHKA: opyruHanHu Hay4Hu pag
JE3UK YJTIAHKA: eHrnecku

Caxemak:

Y osom pady cy npedcmasrbeHuU npopaYvyHCKU U Mamemamuyku mMooesu
poCcmMopHo2 Kpemarba npojekmurna ca ueHmpupajyhum rpcmeHoMm u
800ehumM npcmeHOM Ha mesly y maHKO3UOHOj JTaHCUPHOj uesu, Koja je
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¢ukcupaHa 3a dea cmabusiHa Hocada U orpeMrbeHa CriupanaHUM eUjKOM.
lMpunukom modenosar-a y3uma ce y 063up uHmepakyuja rnpojekmuria ca
YHYmMpawH0M [08PUUHOM JIaHCUPHE uesu y MecmuMa KOHmakma
ueHmpupajyhee npcmeHa ca eoduwmem ueeu. Cuna HopmasiHe
peakuuje yHympawHe MospliUHe JTaHCUPHE uesu ce u3padyHasea Kao
peakuuja Ha ernacmuyHy Oechopmayujy ueeu Koja je u3a3eaHa
yobuuajeHuM riomepar-em yeHmpupajyhee npcmeHa y mecmy KoHmaxkma
ca eoduwmem JlaHCUpHe uesu. Y 080M cilyyajy eoduwme JiaHCUpHEe
yesu ce pasmampa Kao enacmuyHa madkosuda yvaypa. Y uurby
rpopayyHa epedHocmu KoeguuyujeHma Kpymocmu 4daype, Kopucmu ce
Memoda KOHauyHUX efleMeHama, UMrieMeHmupaHa y coghmeepcKom
nakemy ANSYS Mechanical. TpaHcnauyuoHa KOMMOHEHMa Kpemarba
npojekmuna ucmpaxyje ce Ha OCHosy meopeme cpeduwima Kpemara
mace, a pomauyuoHa KOMroHeHma Ha ocHosy JlaepaHaeosux jedHa4duHa
Opyee epcme. [eHepanusoeaHU napamMempu pomayuoHo2 Kpemarba cy
yarosu okpemarsa 6p3uHe YW u sucuHe 0, yeao Hanada q, y2ao Knu3ara
B u yzao pomauuje npojekmusia 0KO y30yxHe oce @. AepoOuHamuyKu
yeao Hazuba y, ce uspadyHaea U3 fpenasHux ¢hopmyrna 3a yceojeHe
KoopOuHamHe cucmeme. Yeao ckpemara 6p3uHe Y, eucuHe 6,
aepoluHamMuyku yeao Hazuba y, U npsu Oepusamu 08UX yarioea
rpemeapajy ce y yarnoee CKpemara W U 8UCUHE U Oce fpojekmuria u
HUXxog8e Oepusame y NMOYEmMHOM KOOpOUHamHoOM cucmemy. Y pady cy
makolje npukasaHu pesynmamu ripopadyHa Hekux 00 HagedeHuX yarioaa,
Kao u ymuuaj cune Ha yeHmpupyjyhu npcmeH y mecmy KOHmakma
rpojekmurna ca 800UWIMEM NTaHCUPHE Uesu.

Krby4yHe peyu: pakemHu rpojekmursi, MOKpemHu siaHcep, efacmuydHu
moles, JlaHCUupHa Uee, [POCMOPHU [peceKk Kpemarba, cuse
UHmMepakuyuje, yernosu e6ekmopa, bp3uHe uyeHmpa mace, yarnosu
0COo8UHe rpojekmurna.
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