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A technique has been developed for reducing the material intensity of highly
stressed tail sections of launch vehicles, taking into account strength and stabil-
ity constraints as well as technological requirements. A cylindrical longitudi-
nally and transversely ribbed waffle-grid (lattice) shell with rectangular holes
is taken as the design scheme of the tail section, with its lower end being fas-
tened at locations of support brackets, and the upper one being loaded with
longitudinal compressive forces, evenly distributed along the contour, due to
the action of the weight of higher-located structure elements. The optimization
algorithm is based on the principle of ensuring discrete uniform strength of
individual elements (substructures). The structural geometric dimensions of
cross-sections of a standard tail section and the stiffness parameters of longitu-
dinal and transverse load-bearing frames, the wall thicknesses of shell ele-
ments, the dimensions of lattice shells, etc., are selected from the requirements
of stress-strength reliability: constraints on the limiting values of equivalent
stresses (strength conditions), compressive stresses of the local and general
buckling, and a number of design and technological requirements. The direct
calculation of the tail section and the search for its variable geometric parame-
ters are proposed to be performed using an interactive numerical-analytical
(finite element method — engineering analysis) algorithm. The initial calculation
of the static stress-strain state of the lattice-reinforced tail section was carried
out by the finite element method, which is implemented in the NASTRAN pack-
age. To discretize the shell and its ribbing, flat finite elements were used. In the
process of the finite-element numerical modeling of the tail section state, the
reliability of the obtained results of calculating the equivalent stresses was ana-
lyzed by studying the convergence of the results of calculations on a series of
meshes with different refinement. Results of the application of the developed
technique to reduce the mass of the standard tail section of the Antares launch
vehicle are presented.

Keywords: launch vehicle, tail section, material consumption, stress-strain
state.

With the growing competition on the market for services related to the use of rocket hardware struc-
tures, reducing the cost of launching a payload unit into orbit is one of the priority tasks [1-5]. One of the
ways to solve this problematic task is to lighten the lift-off weight of a launch vehicle (LV) structure while
ensuring its strengthening reliability and, at the same time, increasing its the payload weight [5-7].

LV tail sections are among the most loaded and, therefore, rather material-intensive reinforcement
components of a structure. They are mainly under the action of longitudinal compressive forces, which simulate

the static loads acting on the LV tail section when the LV stands at
launch and include the weight of higher-located structural rocket ele-
ments, fueling components, payload and other effects. These loads act
on the upper end of the tail section, and its lower end is under the ac-
tion of local longitudinal forces from the support brackets of the LV
strong ring. Structurally, LV tail sections are in many cases lattice shell
structures. For example, the body of the standard tail section of the
Antares LV consists of two cylindrical lattice shells with regular rein-
forcement in the longitudinal and transverse directions over the entire
surface. The shells have rectangular technological hatches and support
end frames, edged with a more massive load-bearing frame (Fig. 1).
The construction material is the AMg6 aluminum-magnesium alloy.

Fig. 1. Tail section fragment
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Thus, the tail section has a substantially inhomogeneous structure and is under conditions of intense
uneven loading, which entails the same significant unevenness of its stress-strain state (SSS), which is char-
acterized by the presence of both overstressed sections and sections with a sufficiently low level of forces
and stresses [6].

It is obvious that the development of an approach to ensure the equalization of the SSS parameters
through a more rational use of the capabilities of the tail section material to reduce its material intensity is a
very pressing application problem.

Formulation of the Tail-Section Weight-Optimization Problem

A cylindrical longitudinally and transversely ribbed lattice shell with rectangular holes is taken as
the design scheme of the tail section, with its lower end being fastened at locations of support brackets, and
the upper one being loaded with longitudinal compressive forces, evenly distributed along the contour, due to
the action of the weight of higher-located structural elements.

The structural geometric dimensions of cross-sections of a standard tail section and the stiffness pa-
rameters of longitudinal and transverse load-bearing frames, the wall thicknesses of shell elements, the di-
mensions of lattice shells, etc., are selected from the requirements of stress-strength reliability: constraints
on the limiting values of equivalent stresses (strength conditions), compressive stresses of the local and gen-
eral buckling, and a number of design and technological requirements.

It is proposed to reduce the material intensity of such a lattice shell structure by optimizing the in-
crementally-variable, in the circumferential and longitudinal directions, geometric dimensions of the sections
Jj(G=1,2,...,J) of its constituent substructures of the tail section load-bearing frame:

J
V=>"V, > min. (1)
j=1
An operable (admissible) load-bearing frame will be the one for which, for all J of its constituent
substructures, N conditions of stress-strength reliability are fulfilled in the form

gj,n(g)SO,n:LZ,...,N, (2)

where 6=(9,,9,,...,0,) 1s the variation vector of technologically admissible geometrical and physical struc-
tural parameters

0, <9,<98.,s=12,...5. 3)

The requirement that the strength conditions for structural elements is satisfied for, in the general

case, several possible t types of loading can be formulated as constraints on the limiting values of equivalent
stresses in the form

JKB

max 6l < [G]j,t, 4)

(.0

o 18 the maximum equivalent stress for all points of the j-th substructure, which can be deter-

where max o
t

mined according to one of the accepted strength theories, at the #-th loading option, and [0] ;. 18 their allow-

able stress for the material of the j-th substructure (element) at the #-th option of effect, respectively.
The total number of constraints (4) will be equal to the product of the number of substructures (selected
according to some principle of a set of structural elements) by the total number of options for external effects.
In the case when the design calculation is carried out for one type of loading, constraints (4) take the form

ol <[o], j=12....7. ®)

Similarly represented are the dependencies for critical compressive stresses, which determine the
possible buckling of individual substructures of system [§—10]

ot <[o]®,i=12,..1,LI1<J,ie(j=1,J). (6)

The limit case of conditions (5), (6) leads to the creation of a discretely equal stress structure, all

substructures of which have the same stress-strength reliability [11].
Constraints (5), (6) can be represented in dimensionless form

g°(8)=f°(3)-1<0,e€12,..1+J . (7)
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If for the j-th element in (7) qe(g) <0, then the corresponding substructure of the deformable sys-

tem is considered underloaded, and when qe(g) >0, overloaded. Thus, qe(g) characterizes the level of un-

even loading of the j-th substructure.

To check the consistency of the mathematical model of the problem in form (1-7), a numerical cal-
culation of the entire system was carried out using the finite element method. The results obtained were used
to calculate the objective function and the values of constraints for some initial (with regular parameters)
standard design option.

Such an (initial) calculation of the static SSS of the lattice-reinforced tail section is implemented in
the NASTRAN package [6, 7]. Flat finite elements were used to discretize the shell and its ribbing. In the
process of the finite-element numerical modeling of the tail section state, the reliability of the obtained re-
sults of calculating the equivalent stresses was analyzed by studying the convergence of the results of calcu-
lations on a series of meshes with different refinement. If the results of calculations of equivalent stresses on
these meshes turned out to be close, then the convergence and reliability of the calculation were considered
achieved. With the selected initial values of standard design parameters, the tail section was in the elastic
region with the given safety factor f=1.22.

Based on the results of the finite element calculation and analysis (7), a significant non-uniformity of
the SSS of the standard tail section body was established, which served as the basis for determining the non-
uniformity coefficient which was used later in the design optimization procedure.

The purpose of this study is to use this unevenness to reduce the weight of the tail section by control-
ling the geometry of the reinforcement, the size of cells and the thickness of the shell.

Construction of an Algorithm for Reducing the Tail-Section Material Intensity

The choice of the optimization method and its efficiency substantially depend [12] on the number
and nature of variable parameters and constraints, as well as on the time required to carry out one such direct
calculation of the system being optimized using the available technical means of computer implementation.
Therefore, for structures with a large number of heterogeneous substructures and, as a consequence, a sig-
nificant number of variable parameters and constraints, the problem becomes rather cumbersome for the suc-
cessful application of well-known mathematical optimization methods [9], [12—14].

In the case under consideration, the tail section as a substantially inhomogeneous reinforced shell
structure, which requires that in the process of numerical investigation the mesh be condensed in places of
stress concentration (which entails an increase in the number of stresses and dimension of the stiffness ma-
trix, the use of finite elements with different properties and other techniques of reliable finite element analy-
sis [6, 15]), the direct calculation algorithm turns out to be quite costly in terms of preparing the initial data
and implementation time. In addition, the nature of the change in the sought-for variable parameters is dif-
ferent, since they include both the variable geometric dimensions of the reinforcement sections and wall
thicknesses of shell elements, and integral components (number of reinforcement elements, etc.).

One of the serious difficulties in constructing an effective algorithm for optimizing design parame-
ters in this case is also the need to rebuild the finite element mesh for the direct calculation of the subsequent
iteration, which is due to the change in the structure topology at each step of the iterative optimization proc-
ess owing to varying geometrical dimensions. This leads to the need to develop additional fragments of spe-
cial software to automate the restructuring of the finite element mesh in connection with the change in the
input data at each subsequent step or to the use of interactive design methods, which are rather labor-
intensive with a large number of iterations.

As a result, the use of traditional mathematical optimization methods [12, 13] to reduce the material
intensity of the tail section in the case under consideration is very problematic.

In this article, the solution to the arising problem of weight optimization is proposed to be carried out
using the principle of discrete uniform strength [11] in combination with an interactive numerical-analytical
algorithm for choosing variable parameters and analyzing the SSS of the structure. When solving the prob-
lem of optimizing parameters, the system under consideration, with account taken of the results of calculat-
ing the initial (standard) version of the composite structure, is conventionally divided into J substructures:
individual reinforcement elements or a set of rods, plates, panels, shells, etc., whose geometric dimensions
determine the consumption of construction material.
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To divide the structure into J zones, a certain number of Z levels of stresses (z<J) are set according to

the principle
(Icmax _|6 (Icmax _|Gmm)

J i
(GBKB 4 GC)K )E Hcmm
o are the maximum and minimum stress values on the entire structure of the tail section.

min )/Z’|6min

®)

where |6max 3|0 min

In this case, Z=1 corresponds to the generally accepted design calculation. For the case when
Z — oo, it is possible to create an equally stressed structure, with all the points of each of its elements having
stresses that are equal to the allowable ones [16].

If the volume of material is assumed to be linearly dependent on the geometric control parameters of
the section 8 (s =1S,S5 = J), the objective function (1) will be linear

s
V(g)=2c383,c >0,8,>0. 9)

Hence, it is obvious that in the presence of constraints in the form (3), (5), (6), the solution to the
problem of finding the minimum of function (9) will be on the boundary of one of the regions determined by
the conditions of strength, and stability or technological requirements , that is, we can assume that the opti-
mal solution will be the envelope of these constraints.

In discretely equal stress structures [11, 16], the material is used most efficiently, since there are no
zones with overestimated or underestimated stresses, with account taken of a given safety factor. Therefore,
in the limit of the iterative optimization algorithm, it is possible to require the fulfillment of constraints (5),
(6) in the form of equal stress conditions for each j-th substructure

0l (® =[o];.00, &) =[c]", j=1J.i=L1,1<J. (10)

An exception may be substructures for which the structural or technological requirements for the
dimensions of the sections of elements overlap the stiffness parameters selected from the conditions of
stress-strength reliability (10).

The essence of the proposed design algorithm for a discretely equal-strength structure is the rational
redistribution of the material of the structure in such a way that if a certain zone is overstressed, then the size
of the sections (stiffness parameters) of its elements increases to such a level that the excess stress is re-
moved. If the zone is not loaded, then the variable stiffness parameters of its elements decrease.

After setting a certain initial k=0 approximation for the variable stiffness parameters &°,s =1,2,...,§

of elements of the standard structure of the tail section, the stresses ¢’ in its constituent elements are de-

max

termined from the results of direct calculation. This makes it possible to determine 81j of the first approxima-

tion and then A8 =§' —8° using the methods of approximate engineering design calculation [8, 9, 17].
Continuing the recalculation of the structure in this way, one can similarly calculate
A8* =8*" — &%, where §* is the value of the change in the variable stiffness parameters for the next two
search steps.
As arule [11, 16], the iterative process of designing a discretely-equal strength structure makes sig-
nificant changes to its configuration only in a few initial cycles, and then the difference between two succes-
sive approximations becomes rather small.

Therefore, the stress (S]; at the k-th iteration, up to second-order small numbers, can be obtained

from their values 0’;_1 at the previous iteration, using the linear continuation [16]

ac(k Lk)
2—35" B (11)
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T

where &])8 is calculated as the change in stresses between two (k—1, k) subsequent iterations, and
i

cs’; ,0’;_1 are the maximum stress values for all points of each substructure at two subsequent iterations.

Expression (11) can be written in matrix form
o' =5+ AR A,

where o* ,Ek_l,ASH are the corresponding column vectors, and the matrix A has the form

do, o, doy
3, 9, 9,
_ |do, do, do,
A=195, 3, = 09,
ds, do,  do,
3, 9, 9,

It should be noted that in statically determinate systems, internal forces do not depend on the stiff-
ness of neighboring elements, since they are determined only from the equilibrium conditions. This implies
that for such systems all the matrix A components lying outside the main diagonal will be equal to zero and
the iterative process in this case can be represented as

- 00 ;
G§+1(8k):0§+?;88‘i. (12)
J

In statically indeterminate systems, the matrix A components lying outside the main diagonal, due
to the presence of strain compatibility conditions, express the magnitude of the influence of the change in the
i-th elements of neighboring substructures on the change in stresses in elements of the j-th substructure.

As indicated in [11, 16] and verified in this work, on the basis of a systemic numerical experiment
for the problem, in particular, of the optimal distribution of material in the zone of the edge effect of a cylin-
drical reservoir under the action of hydrostatic pressure, the matrix elements lying outside the main diagonals
turn out to be significantly smaller than the values for elements of the main diagonal.

Therefore, based on the physical concepts of stress distribution in composite structures, as well as the
results of the above-mentioned numerical experiment, this paper assumes that it is possible, when constructing
an iterative numerical-analytical algorithm for designing a discrete equal-strength structure, to neglect, between
two sequential finite element calculations, the components lying outside the main diagonal of the matrix A .

It should be noted that, on the one hand, the accepted assumption makes it possible to significantly
reduce the computational costs of finding an optimal project due to the possibility of using "internal" itera-
tions in form (11), and on the other hand, it does not affect the accuracy of determining the variable parame-
ters as a whole, since the stress state of the structure at separate (reference) steps of the search iterative algo-
rithm is recalculated using a sufficiently reliable finite element analysis.

At the same time, it is assumed that, at known stress values c’;, engineering (analytical) methods

make it possible to determine the stiffness parameters 8ﬁ of the corresponding element, and expression (12)
can be approximately represented in the following finite-dimensional form:
8 = 8" +yAGFASF . (13)
Here, AS* =% — 5+,
AG* = (5" —Ek_l)/[c]’ (14)

§%,8%" — are the variable stiffness parameters of each j-th substructure, which are determined using the
methods of engineering stress-strength analysis by the known stresses (between the main finite element cal-
culations at (k-1)-th and k-th steps of the process being optimized); v is the relaxation factor whose essence is
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to smooth out the influence of a possible sharp change in the stiffness of the j-th element for two successive
steps of the search for stress in individual structural elements [13].
Thus, the presence of the multiplier 0 <y <1 prevents the formation of a yawing iterative process

(solution "overshoot"). As a result, it often turns out to be possible to significantly reduce the required num-
ber of cycles of the iterative finite element calculation of a structure [12, 13].

The essence of the hybrid numerical-analytical approach used in this paper is that between the
"main" iterations, due to the sufficiently costly finite element calculation of the entire tail section, successive
approximations of the search for rational parameters of individual substructures are performed using (11),
(13) and methods of engineering design calculation [2, 3, 8, 10, 17].

The overall strategy for lightweight construction is as follows. Based on the results of the initial fi-

nite element analysis of the standard design and further determination of variation factors g* (g) (7), the

structure surface is conventionally divided into the "main" zones, in which the coefficients of uneven loading
are positive, and the "lightweight" zones where the coefficients of uneven loading turn out to be negative.
The "main" zone is characterized by a significant value of stresses, which is why they are enhanced by
increasing the ribbing and thickness of the shell, based on the dependencies of engineering analysis. In the
"lightweight" zone the stresses are small. Therefore, the ribbing and thickness of the shell can be reduced in

accordance with (13), since in this case (14) is the corresponding component Ack <0 and the structure can
thus be lightened.

The parameters of reinforcement for each zone of the surface of the lower and upper shells were de-
termined from the condition for ensuring their stability as they were determined for regular lattice shells with
a given coefficient of uneven loading. In this case, the choice of the ribbing and thickness of the shell itself
with the purpose of lightening the L'V tail section was carried out on the basis of analytical formulas of engi-
neering analysis, with account taken of (12), (13) and the results of a preliminary finite element calculation.
The use of such a hybrid approach in the form of a sequence of steps "finite element calculation — engineer-
ing analysis" in the process of determining the optimal parameters of the structure significantly simplifies the
optimization procedure.

The parameters of the lattice shell structure were determined from conditions (5, 6, 10) to ensure its
strength in the form [2, 3, 8]

. Tl(p,o i~
T,,;, =min T 2T, ...

p,M

where Ty, and T, are critical loads of its general and local buckling. To calculate them, we used well-proven
approximate formulas whose structure is presented in [2, 3, 8], and their application was tested on the basis of
an analysis of a large number of results of experimental studies carried out at the Yuzhnoye Design Bureau.

To determine T, , we used the dependence

TKP,0 = 2nkE(p63KB,K1/6Kp,K83KB,K cos2a/kn, (15)

o
where k = 0.732{1 + exp(—k—lzﬂ[o.l+ 20%"'1‘} k is the coefficient of the overall stability of the shell under

n

axial compression (k>0,2); @=,/E.E, is the plasticity function; E = ZG“ is the tangent modulus of the
8I/I

diagram o,(¢,) of material; E. is the secant modulus of the material loading diagram; d is the shell thickness;

F
Snp,n = 8+% is the effective thickness of the structure along each stringer; Fy, is the cross-sectional area

of a stringer; B is the distance between stringers; G, = 31/12(1— uz)% is the equivalent thickness of the

frame; I, is the moment of inertia of the cross-section of the frame with the attached skin; A is the distance
between frames; p is Poisson's ratio; o, is the stress intensity; €, is the intensity of strains.
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In practical calculations to determine critical loads, instead of the "o,—¢," curve, the "6—¢" curve of
material tension can be used.
The critical loads of local buckling T, of a lattice cylindrical shell are calculated by the formula

_2nkMRE<p5np,H£ 5 JZ

T 16
A k B—38,,—r (1o

n

where k,=6.0 is the coefficient of local buckling of the shell without ribbing during axial compression; r is
the radius of the transition from the rib to the cell sheet; 9, is the stringer thickness.

Analytical formulas (15), (16) were further used to determine the parameters of the load-bearing
frame and the shell thickness.

After choosing the optimal lightweight lattice structure, a finite element calculation of the stress-
strain state of the entire structure was carried out with verification of all strength conditions and design re-
quirements, which made it possible to more accurately assess the strength of the optimal lightweight struc-
ture and serve, if necessary, as the initial data for the next stage of design calculation.

Although the correct proof of the optimality of the resulting design with this approach remains open
(see [16]), its use allows a step-by-step reduction in material intensity of a rather complex design of the LV
tail section.

Numerical Results of Finite Element Modeling of the Optimal Tail Section

Based on the approach proposed above, the middle surface of the Antares tail section shell, consist-
ing of the upper and lower shells, was divided into "main" zones and "lightweight" zones. In total, in accor-
dance with (8), seven stress levels of such zones were considered, as a result of which J=16 irregularity
zones appeared in the tail section. In the "main" zones, the reinforcement of the shell did not increase, since
the equivalent stresses in these zones were less than the yield strength of the material. In the "lightweight"
zone, the parameters of the ribbing and thickness of the shell were reduced using relations (12, 13, 15, 16).
Already in the first approximation (finite element calculation — engineering analysis), the weight of the
lightweight tail section turned out to be 18% less than that of the original tail-section structure.

The results of the verification calculation of the field of equivalent stresses of the modernized tail section,
carried out in the NASTRAN software package, are shown in Fig. 2, which corresponds to the data in [6, 7].

Thus, the application of the proposed approach already at the first step made it possible to signifi-
cantly reduce the weight of the tail section. The prototype of the lightweight tail compartment, manufactured
according to the results of rational design, was subjected to static tests, the results of which [18, 19] indicate
the correspondence of the calculated and experimental data.

Incomplete equalization of the stress state
(Fig. 2) is explained by the need to fulfill the design
and technological requirements (3), in the action
zones of which the equivalent stresses are forced to
be lower than the allowable ones.

The existing stress unevenness in the result-
ing project also indicates the possibility of further
reducing the material intensity of the tail section by
increasing the number Z (decreasing the size) of the
zones under consideration, since within each of
them optimization is carried out according to the
maximum equivalent stress for the entire zone.

The rational redistribution of the tail section
material was further carried out by continuing the
iterative process of finding the optimal parameters

- SR |
based on the results of subsequent finite element SN Sl
&

: Tk
calculations.
Fig. 2. Field of equivalent stresses of the modernized tail

section
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After five steps of the main iterative process, the material savings were about 23%. At the same time,
the difference in the calculated parameters of the stress-strain state of the tail section decreased (which indicates
the convergence of the process) and turned out to be within the accuracy specified in the calculation.

However, it should be noted that due to the increase in the degree of variability of the stiffness pa-
rameters, the implementation of these promising possibilities is limited by the complication of technology
and, as a consequence, the increase in the cost of manufacturing the section.

Conclusions

A method has been developed for reducing the material intensity of highly-stressed LV tail sections,
with account taken of strength and stability constraints as well as technological requirements, using the prin-
ciple of ensuring discrete uniform strength of an inhomogeneous (stepwise variable stiffness) lattice cylindri-
cal shell with edged rectangular holes reinforced by a cross-sectional load-bearing frame.

To select the variable geometric parameters and implement the direct calculation of the tail section,
an original interactive numerical-analytical algorithm is proposed, which can significantly reduce the number
of rather labor-intensive finite element calculations.

The developed approach to optimizing the load-bearing frame of lattice-reinforced LV tail sections
has been introduced into the design practice of the Yuzhnoye Design Bureau. The proposed approach was
used to modernize the tail section of the Antares LV. A significantly lightweight lattice structure with a vari-
able load-bearing frame and shell thickness was obtained.

The developed approach can also be used to optimize other structural elements of launch vehicles
(tanks, ribbed sections) and other structures used in various fields of mechanical engineering.
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MeToauka 3HUKEHHSI MaTepiajJloMiCTKOCTi XBOCTOBHX Bi/ICikiB pakeT-HoCiiB

'M. O. Jlertsipbos, ' A. I1. /I3106a, > K. B. ABpamoB, ' B. M. Cipenko

! IlepsxasHe mianpuemctso «KoncTpykTopebke 6ropo «Ilinenne» im. M. K. SIurens»,
49008, Ykpaina, M. [Jninpo, Byn. Kpusopisbka, 3

* InctutyT npo6aem MamuHOOyxyBanHs iM. A. M. Ilinropaoro HAH Ykpainu,
61046, Ykpaina, M. Xapkis, By:1. [Toxxapcekoro, 2/10

Po3pobreno memoouxy 3Hudicennss mMamepiaiomMicmKkocmi 6UCOKOHANPYICEHUX XB0COBUX BIOCIKI@ paxem-
HOCI18 3 YPaxy8aHHaAM 0OMedcelb MIYHOCMI, CMIUKOCMI I MEeXHOI02IUHUX 8UMOo2. K pO3PAXYHKOB8A cXemda X80CMOB020
8IOCIKY NPULLMAEMbCSL OPEOPEHA 8 NO300BIHCHLOMY | HONEPEUHOMY HANPAMKAX 64henbHa YUTTHOPUUHA 0O0IOHKA 3 NPsi-
MOKYMHUMU OMBOPAMU, HUNCHITI Mopeysb AKOi 3aMUCHEHUI 8 MICYAX PO3MAULYBAHHS ONOPHUX KDOHUMENHI8, 4 8epXHill
HABAHMANCEHUTLL PIBHOMIPHO PO3NOOLIEHUMU NO KOHMYPY NO3008IHCHIMU CIMUCKATbHUMU 3YCUITAMU 6i0 Oii 6azu po3ma-
WOBAHUX GULYe eeMeHmi8 KOHCMPYKYil. Aneopumm onmumizayii noOy008anull 3a NpUHYUNOM 3abe3neyents OUcKpem-
HOI pigHOMIYHOCMI OKpeMuX enemMenmis (niokoHcmpykyiii). Koncmpykmueri ceomempuyti posmipu nepepizié umamno-
20 X80CMOB020 BIOCIKY I JCOPCMKICHI NApAMempu no3008H#CHb020 I NONEPEUHO20 CULOBUX HAOOPI6, MOGUWUHU CIMIHOK
000JIOHKOBUX eNleMEeHMI8, PO3MIpU 8a@eNbHUX 00UYAlloK ma iH., UOUPAIOMbCIL 3 6UMO2 MIYHICHOT HaditiHocmi: obme-
JHCeHb SPAHUYHUX 3HAYEHb eKGI8ANIeHMHUX HANPYICEeHb (YMO8 MIYHOCMI), CIMUCKATIbHUX HANPYHCEHb MiCYesoi i 3a2alb-
HOT empamu cmitikocmi i Yio2o psady KOHCMPYKMUGHUX I MeXHON02IYHUX sumoe. [Ipamuil po3paxyHoK X60Cmo80o2o 6io-
CIKY i NOWYK 1020 8aAPIOBAHUX 2eOMeMPULHUX NAPAMEMPI68 NPONOHYEMbCA 30ILICHIOBAMU 3 BUKOPUCMAHHAM IHMEPaK-
MUBHO20 YUCTOB0-AHANIMUYHO20 (MEMOO CKIHUEHHUX eleMenmie — iHoceHepHull ananis) areopummy. Ilouamkosuii
PO3DAXYHOK CINAMUYHO20 HANPYHCEHO-0ehopMOBaAH020 CIMAaHy 8aghebHO20 X80CMO8020 8IOCIKY NPOBOOUBCA MEMOOOM
CKIHUeHHUX enemenmie, axui peanizosanuil 8 nakemi NASTRAN. /s ouckpemusayii 06010nKu ma ii opedpents suxo-
PUCmo8ysanucs nIOCKi CKiHueHHI elemeHmu. B npoyeci ckinuenHoeneMeHmuo20 4uciogo2o MoOento8ants CMmany Xeoc-
mM0B020 BIOCIKY NPOBOOUBCS AHANI3 GIPOSIOHOCHI OMPUMAHUX Pe3VIbMAamie PO3PAXYHKY eKGIGANIEeHMHUX HANPYIHCEHb
WIAXOM QOCTIONCEHHS NPoYeci@ 30IXHCHOCMI Pe3yIbmamis po3paxyHKié Ha cepii cimok 3 pisHuMm noopionennam. Hase-
0eHO pe3ynbmamu 3acmocy8anHts po3poOIeHOT MemMOOUKU 00 3HUNCEHHSL 8a2U WMAMHO20 X80CMOB020 GIOCIKY paKemu-
Hocis «Aumapec».

Knrouosi cnosa: pakema-Hociil, Xx60cmoguil IOCIK, MAMEPIANOMICIMKICMb, HANPYHCEHO-0ehOPMOBAHUTL CINAH.
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