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The results of computer simulation of the deformation processes of non-homogeneous structural
element, which is manufactured using of carbon-carbonic composite materials, under intensive
non-stationary thermal and power loading are presented. The spatial structure and dependence of
characteristics of materials on temperature are taken into account. The computational experiment
was conducted using the finite element software developed on the basis of non-isothermal thermo-
elastic-plasticity. A convergence of numerical solutions has been tested. It is shown that the
carbon-carbonic composite material in the structural element ensures its operational reliability
when the element is subjected to the specified internal pressure and intense heating to the
temperatures at which traditional materials cannot longer functioning in proper way.
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Introduction. Structural elements operate often under conditions of intense thermal-
power load. They can be heated up to temperatures at which traditional materials are
no longer able to function, hold their shape, not to melt etc. To ensure the operational
reliability of structures in such cases, the structural members are being manufactured
from several different materials including composites. The correct choice of materials
can be done on the basis of information about the stress state in structural elements
during operation. This makes the problem of determination of the stress state of
structures under operational conditions as one of the most important.

The accuracy of estimation of the possible safe operation of structural members
depends essentially on accuracy and data reliability about maximum stresses in them
during operation. Expert estimation of the strength of structural members according to
existing now normative documents is realized usually using simple engineering formulas
obtained for the bodies of canonical shape under corresponding boundary conditions or
within simplified calculation models of bars, beams, plates, shells (see, €. g., [1-3]). The
obtained maximal stresses are being compared with admissible ones, and possible
errors of such approach are compensated by safety factor, the excessive values of
which cause the increase of structure mass, overspending of materials etc. At the same
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time the structural members are the spatial, frequently structurally non-homogeneous
bodies of complex shape, and they can be in volumetric, spatially inhomogeneous
stress-strain state under load. At high temperature load Essential factor is also the tem-
perature dependence of material characteristics [4, 5]. Therefore determination of stres-
ses in structural members according to the simple engineer formulas can cause errors
not only quantitative but also qualitative ones [6].

Refined calculation can be realized on the basis of general equations of nonli-
near thermomechanics. The spatially 3D approach allows us to take into account the
real shape of structural elements, and, hence, more accurately to estimate (in compa-
rison with existing methods of theoretical or structural mechanics and strength of mate-
rials) their strength, service life and to develop recommendations as to optimization of
the spatial structure of the material, weight reduction etc.

This work is devoted to the calculation of the stress-strain state and determina-
tion of the estimation of strength of structural members made from carbon-carbonic
materials operating under conditions of non-uniform intensive heating and power loa-
ding on the basis of proposed earlier approach [5] and corresponding finite-element soft-
ware to simulate the processes of deformation of elastic-plastic thermosensitive bodies.

1. The problem statement

In order to describe the deformation process of structural members under intensive
thermal-power load according to the approach proposed in [5] we use the relations of
non-isothermal elastic-plastic yield written in increments. In this case the physical and
geometrical relations and balance equations with corresponding boundary conditions
are written in the matrix-vector form convenient for the numerical realization by the
finite element method:

{do} =C"™ ({ds} —{de, })+ dC(fe} —{er} ~{e,} )+ ZdT, xeV; (1)
{e}=Au; 2)
AT{c}+F=0; 3)
N'{c}=p, xeS;; u=u?, xesS,, 4)

where {g} ,{ST } , {8 p} are the vectors of total, temperature and plastic deformation; {c}

is the stress vector; V is the space region occupied by the structure member; S, S, are
the parts of the region V surface where the power load (characterized by the vector p)
and displacements u'” are given; A, N are, respectively, the matrix of the operator of
geometric relations of the theory of elasticity and the matrix of direction cosines of unit
normal to the surface; F are volumetric forces;
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G is the matrix of elastic constants; {0®/0c} is the vector of derivatives of the yield

function @ in the space of stresses; H is inclination angle of the curve “equivalent

t+dt

stress G — equivalent plastic strain €, the index means that the value is calcu-

lated at the moment ¢ + dft, i. e. at the end of the current step of loading (the rest values
are calculated at the moment ¢).

The relations (1)-(4) form a complete system of equations to determine the stress-
strain state of the body [5]. It solved using finite element method.

2. Input data for computational experiment

According to the method concept [5] at first we form a finite elements model of the
problem, construct division of the space region, occupied by structural member, by
finite elements, assign the initial and boundary conditions on a discrete level, approxi-
mate the temperature dependences of material characteristics etc. We apply this approach
to the determination stress-strain state of an insert of critical section of typical nozzle
of rocket engine [3] during its operation (region of this most important structural
member of the nozzle is given on Fig. 1).

The considered structural element operates under internal pressure and inhomo-
geneous high temperature heating up to 3000 K, at which traditional materials can not
realize their functions. Therefore it is made of three different materials - erosion resis-
tant carbon-carbonic composite material (region ABCH, see Fig. 1), pressed glass-
reinforced plastic (region CDGH) and titanium alloy (region DEFG).

On the insert surface, formed by rotating generatrix ALJB about the axis z, the pres-
sure p = c(r)pi(f), where py(?) is determined from the diagram of the pressure change in
the combustion chamber of the engine [3], and ¢(r) for each point on the surface we
interpolate according to the linear law between the specified reference values of the

coefficient at the points, where (r/r, )2 =1(c=0,575); (r/r, )2 =1,16 (¢=0,334);

(r/rA)2=1,3431(c=0,24877). Hence the pressure on the internal surface changes

smoothly from point to point from the value of p4 at the point 4 to pz at point B; on the
surface formed by rotation of the generatrix AH (see Fig. 1) the pressure p, is given, and
on the surface formed by the rotation of the generatrix BC, the pressure pj is given.
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Fig. 1. The calculation region of insert Fig. 2. Temperature distributions in section JK

Non-stationary temperature load is assigned according to the obtained values of tem-
perature distributions at different moments in the sections AF, LM, JK, BE (for example in
Fig. 2 we show the temperature distribution in the section JK at ¢ =20, 36, 60 s, where di-
mensionless distance s was determined for the section by referring the real distance of point
from the surface to the entire range of change of the radial coordinate for the section). The tem-
perature values at other points of the body at other moments we obtain by linear interpolation.

The characteristics of materials depend essentially on the temperature [3].
According to the developed approach [5] the temperature dependence of materials
characteristics we approximate by spline interpolation correspondingly to the above
reference points.

We carry out the computer simulation using isoparametric biquadratic axially
symmetric finite elements with eight nodes [5]. Research of convergence of numerical
solutions we realize comparing the numerical solutions on different finite element
meshes, which essentially differ by element sizes.

3. The results of computational experiments

Fig. 3 and 4 show the distributions of stresses in sections AF, JK and BE at moment of
time 7 = 18 s (dimensionless distance s was determined for each section by referring the
real distance of point from the surface to the entire range of change of the radial
coordinate for the section considered).

Fig. 5 gives the stresses on the internal surface of the insert (along generatrix
BA) and on the surface of its contact with the substrate layer (along generatrix CH).

It can be seen that power and temperature loading compensate mutually each
other in layers near internal surface of the insert (see Fig. 4). High temperature gra-
dients cause compressive circumferential stresses oy, in these layers. These stresses
imposed here on the tensile circumferential stresses from the pressure. At the same
time the temperature stresses increase tensile power stresses in the central part of the
insert and in the zone of the body of titanium alloy.
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Fig. 3. The distributions of radial 6,,, axial 6. and circumferential o, stresses
in insert-substrate layer-titanium body in sections AF (a) and JK (b) respectively
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Fig. 4. The distributions of radial 6,,, axial c.. and circumferential o, stresses
in section BE at the thermo-power loading (@) and only from internal pressure (b)
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Fig. 5. The distributions of stresses on internal surface of the insert () and on the surface
of its contact with the substrate layer made of pressed glass-reinforced plastic (b)
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From the above results it follows that maximal tensile circumferential stresses in
the insert during operation arise in the neighborhood of the section BE and are equal
about 24 MPa (see Fig. 4a). It should be noted that they occur in the insert regions far
from the internal surface, the temperature of which is not higher than 1000°C and,
therefore, it is approximately one and a half times less than circumferential stresses of frac-
ture for considered erosion resistant carbon-carbonic composite in condition of tensile
(35 MPa at T < 1000°C). In the zone of high temperatures (higher than 2500°C) in layers
near internal surface of the insert we have a strongly expressed zone of compression. In this
zone the maximal compressive stresses are equal —23 MPa (in section JK; see Fig. 3b)
at fracture stresses —55 MPa for considered carbon-carbonic composite at such
conditions. Maximal axial compressive stresses in layers near the internal surface of the insert
in absolute value are yet larger (up to — 30 MPa), however, absolute value of the axial
compressive fracture stresses for considered composite are essentially larger (about 60 MPa).

Maximal stresses in the glass-plastic substrate layer are not higher than the
corresponding stresses in the insert and at least three times lower than the correspon-
ding fracture stresses for this material.

The stresses in titanium body are essentially higher, however in comparison with
admissible stresses for this material maximal operational stresses are not more than
15% of those causing destruction.

Note that the research of convergence were carried out on the bases of com-
parison of numerical solutions obtained at different meshes with maximal size of finite
elements in the range from 0.5 to 3 mm. All solutions thus obtained agree very well
between themselves. Insignificant deviations were noted only near surface of contact of
heterogeneous materials. In the rest parts the solutions for such diameters of finite
elements coincided with accuracy to 1 %.

We see that the existence of efficient software, created on the basis of refined
models quantitatively description of the deformation processes of structural elements,
parts, machines and mechanisms enables to carry out the whole process of simulation
in virtual space and to obtain non-conservative estimation of the strength of that or
another member. From another side the computer simulation enables to get a rational
design of geometrical configuration of structure or to do the right choice of materials
for producing of needed structure members. This can reduce essentially the cost of full-
scale experiments since only rational or optimal projects obtained in the process of
computer simulation can pass the experimental verification.

Conclusions. We can state that the use of carbon-carbonic composite material when
manufacturing an insert of critical section of nozzle guarantees its operational strength
and reliability under conditions of the internal pressure and intense inhomogeneous
heating to high temperatures at which traditional materials cannot operate.
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YTOYHEeHi OLiHKM MiLLHOCTi KOHCTPYKLUiN i3 Byrneub-ByrreLeBux
MaTepianiB 3a iHTEHCUBHOIro TePMOCUITIOBOro HaBaHTaXXEeHHS

BorgaH pobeHko, OnekcaHap bypwuk, Bonognmump XapyeHko

Tlooano pesyromamu KoMmn 'romeprHoeo MOOent08aAHH Npoyecié 0edhopmyeanHs HeOOHOPIOHO20
KOHCMPYKMUBHO20 €l1eMERNY, BUSOMOGIEHO20 3 GUKOPUCHAHHAM BY2llelb-8yeleyesux KOMNo3u-
yiuHux mamepianie, 3a Oii IHMEHCUBHO2O MEPMOCUTOB020 HABAHMAIICEHHS 3 YPAXYBAHHAM HPOC-
Mopogoi cmpykmypu ma mepmovymiugocmi mamepianie. O64ucIo8antbHUll eKCRepUMeHn 6UKo-
HAHO 3a OONOMO2010 NPOSPAMHO20 3abe3neuents, po3pobieHo2o Ha OCHOGI meopii Heizomepmiunoi
mepmonpyscHoniacmuunocmi. Jlocniodceno 30ixcHicms ompumanux pose’saskie. Ilokazano, wjo
BUKOPUCTNAHHSL BY2llelb-8Y2leleB020 KOMNO3UYItiHo20 mamepiany 3abe3neuyec eKchiyamayiiny
HAOIHICMb KOHCIMPYKIMUBHO20 eNleMenmy 3d Oli 6HYMPIuWHb020 MUCK)Y MA IHMEHCUBHO20 HA2Piey
00 memnepamyp, 3a AKux mpaouyitini Mamepianiu 6xce He 30amHi GUKOHY8amu 801 QyHKYil.

YTOYHEHHbIE OL,eHKU NMPOYHOCTU KOHCTPYKLUN
U3 yrnepoa-yrnepoaucTbiXx MatepuanoB B yCrOBUAX
MHTEHCMBHOMW TeMnepaTypHOU U CUNOBOMN Harpy3ku

BorgaH [pobeHko, AnekcaHap Bypbik, Bnagnmup XapyeHko

Tlpeocmasnenvl pezynomamuvl KOMNLIOMEPHO2O MOOEIUPOBAHUSL NPOYECCO8 OephopMUpoOsaHus
HEOOHOPOOHO20 KOHCMPYKIMUBHO20 dNIeMEHMA, U320MOBIEHHO20 C UCNONb308AHUEM V2lepO0-Yeiepo-
OUCIBIX KOMNO3UYUOHHBIX MAMEPUATIO8, HAX0OAUWE20Cs NOO B030elCNEUEM UHIMEHCUBHOU MepMO-
CUTLOBOUL HAZPY3KU C Y4emOoM HPOCMPAHCMEEHHOU CIMPYKIMYPbl U MEPMOYY8CMBUMENbHOCTHU MaIme-
puanos. Buluuciumenvhwiil dKcnepumeHm nposeoeH ¢ UCHOAb308AHUEM KOHEUHO-I71eMEeHIMHO20
npoepamMmHo2o obecneuenus, paspabomanHo20 HA OCHOBe MeOpul Heu30mepMuiecKoll mepmo-
ynpyeonnacmuurnocmu. Mccnedogano cxooumocms noayuennwix pewtenuti. Ilokazano, umo ucnonw-
308aHUe Y2nepoo-y2iepooucmoco KOMRO3UYUOHHO20 MAMepUand obecneyusaenm IKCNIYamayuOHHYIO
HAOENHCHOCHb PACCMAMPUBAEMO20 KOHCIMPYKMUBHO20 dIeMEHmMA NpuU 8030€UcCmBUl HYMPeHHe20
0agnenus u UHMEHCUBHO20 Hazpeda 00 MeMnepamyp, npu KOmopwix mpaouyuoHHbvle Mamepuanbl
Yyoice He CNOCOOHbI UCROTHAMb C8OU DYHKYUU.
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