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Abstract

This paper considers a computational algorithm for the thermoelastic state of a rod clamped at two ends in
the presence of a heat flow on its side surface, varying along the coordinates by a quadratic law. The
corresponding computational algorithms developed by the author make it possible to solve a class of
engineering problems in determining the elongation of rods of limited length. The corresponding
computational algorithms developed by the author make it possible to solve a class of engineering problems
in determining the elongation of rods of limited length. Therefore, undoubtedly, the results of this work can be
widely used in enterprises where calculations are carried out to determine the distribution laws of temperature
fields and elongations of structural rod elements operating in a thermal field and in the presence of mechanical
forces. The study of compression of a rod of limited length clamped at two ends under the influence of a
temperature field and heat flow that varies along the length is of relevant interest for engineering and
technological processes related to the strength of partially thermally insulated structural elements operating
under coordinate-variable steady-state thermal fields. The relevance of these problems is also motivated by the
fact that many structural elements operate under the simultaneous influence of axial force, coordinate-variable
heat flow, heat exchange and thermal insulation. With the simultaneous consideration of the above factors, the
analytical solution of steady-state thermoelastic compression and tension of rods becomes very complex. In
this regard, there naturally arises the need to develop appropriate mathematical models of universal
computational algorithms that make it possible to study the thermoelastic state of partially thermally insulated
one-dimensional structural elements in the presence of heat exchange with the environment, a variable
coordinate of the heat flow field and axial forces.

Keywords: Thermal expansion, Modulus of elasticity, Thermal stress state, Displacement discretisation,
Stress strain.

P.V. Tyneyosa
X. JlocMmyxame/ToB aThIHIIAFbI ATEIpay YHHUBEPCUTETI, AThIpay K., Kazakcran
KBAJIPATTBIK 3AH MEHEH AHBIKTAJIFAH KbIJ1Y AFBICbBI ATBIHIATBI TYPBIKTBIH
TEPMODJIECTUSJIBIK KYHIH CAHJIBIK 3EPTTEY

Agnarna

Byt s)xymbicTa KoopauHaTtanap 60ibIMEH KBaIPATTHIK 3aH OOMBIHILIA ©3TepeTiH, OHBIH OYHip OeTiHIIe KbLTY
aFblHbl OOJIFAH Ke3/Ie €Ki YIIBIHAH KBICHUIFaH ©3€KIICHIH TepMOCEpHiMIl KYHiHIH ecenTey ajJropuTMi
KapacThIpbUIaibl. ABTOP 93ipJiereH COHKec ecenTey aaropuTMIEpi HIEKTENreH Y3bIHIBIKTAFbl 03€KIIeNepIiH
y3apybIH aHBbIKTayJa MHXXSHEPIIK ecenTepIiH Oip KIachlH Ienryre MyMKiHAIK Oepemi. COHABIKTaH, CO3CI3,
OyJ1 JKYMBICTBIH HOTHIKEJIEPI JKbUIY OPICIHJC JKOHE MEXaHHMKAJbIK KylITep OOJiFaH Ke3e JKYMBIC 1CTeHTIH
KYPBUIBIMABIK ©3€K 3JEMEHTTEPiHIH TeMIIepaTypaliblK ©piCTepliH Tapaly 3aHABUIBIKTAPbIH JKOHE
y3apTyJapbelH aHBIKTAy YIUiH €cemnTeyjep JKYPri3ijeTiH KociopbIHAapla KEHIHEH KOJIAAHBLUIYBl MYMKiH.
Temmeparypaliblk ©picTiH oHE Y3BIHJBIFBI OOWBIHIIA ©3TCPETiH JKbITY aFbIHBIHBIH OCEPIHEH €Ki IeTiHEeH
KBICBUIFAaH Y3BIHABIFBl IIEKTENreH IUTAHTAHbIH KBICBUIYBIH 3€pTTey, JKapThUIall MKbULy OKIIayJIaHFaH
KYPBUIBIMABIK 3JIEMEHTTEPAIH OepikTirine 0ainaHbICTHl MHKEHEPIIK JKOHE TEXHOJOTHSUIBIK MPOLEecTep YILiH
©3€KTi KBI3BIFYIIBUIBIK TYABIPAIbl. KOOPIUHATAILIK alfHBIMAJIbl TYPaKThl KYWJeTi KbuTy epictepi. Taburu
pecypcTapabl OHAIpY MEH TEPEH OHJIEYAiH KAPKBIHIBI IaMybl FAIBIMIAPABIH aJ/IbIH/A COHKEC MaTeMaTUKAaIBIK
MOJIEJIbACP MEH oMmOeball ecenTey alropuTMIEpiH KacayJblH jKaHa MacelnesepiMeH OeTrrne-0er Keisi jKoHe
onapabIH Oyiip OeTTepi O0ibBIMEH KOOPAMHATANIBIK-aiHBIMAJIBI JKbITY aFbIHAAPBIHBIH 9CEPiHEH iMIiHapa XKbury
OKIIIAyJTaHFaH KYPBUIBIMJIBIK 3JIEMEHTTEPJIIH TepMOCEpIiM/Il KYHIH KeleH i 3epTTeyre MyMKIHJIIK OepeTiH
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omicTep - MyHBIH 09pi 6Te 63eKTi. byt Mocenenep/ i ©3¢KTilir KeNnTereH KyPhUTBIMIIBIK JJIEMEHTTEP IIH OChTIK
KYIITiH, KOOPAWHATAIIBIK aifHBIMAIIBI JKbUTY aFbIHBIHBIH, KBUTY aJIMAaCyAbIH OHE JKbITYy OKIIayJIaybIHBIH Oip
Me3riiie 9cep eTyiMeH >KYMBIC icTedTiHairiMmen ae HerizmenreH. JKorapbina atanraH (akropmapnsl Oip
Me3riiie KapacThIpFaH Ke3Ae CTePIKEHIEPiH CTalHOHAPIBIK KYHIETi TepMOocepmiMIl ChIFY MEH KepilyiHiH
AHAIMTUKAIBIK IIenIiMi eTe Kypaeni 6omansl. OcbiraH OalTaHBICTHI, KOPIIaFraH OpPTaMeH JKbUTYy alMacyehl,
alfHBIMAJIBl KOOPJMHATACHl OOJFaH Ke3le >KapThUIail JKbUIy OKIIAyJaHFaH Oip eimeMai KYPbUIBIMIIBIK
AIIEMEHTTEPAIH TePMOCEPIiMIi KYHiH 3epTTeyre MYMKiHAIK OepeTiH omOebar ecenTey alropuTMIEpiHiH
coiikec MaTeMaTHKAIbIK VITUIePiH Kacay KaKeTTUIr TaOWFW TYpAe TYBIHAAWIBl. JKbUTYy aFbIHBIHBIH 6pici
JKOHE OCBTIK KYIITEP.

Tyiiin ce3mep: TEpMISUIBIK KEHEIO, CEPHIMALTIK MOMYJTi, JKBUIYJNBIK KEpHEY KYyHi, BIFBICY
JTMCKPETU3aLUCH, KepHEY Ae(opMalusChI.

P.V. Tyneyosa
ATslpayckuil yauBepcuteT uMeHu X.Jlocmyxamenosa, r. ATelpay, Kazaxcran
YUCJEHHOE NU3YUYEHUE TEPMOYIIPYI'OT'O COCTOAHUSA CTEPKHS ITPU HAJIMYUHU
TEIIJIOBOI'O IIOTOKA, 3AJJAHHOI'O KBAJIPATUYHBIM 3AKOHOM

Annomayus
B naHHOU paboTe paccMaTpHBacTCsl BHIYUCIUTEIBHBIA ATOPUTM TEPMOYIPYTOrO COCTOSHHS CTEPIKHS
3alIeMJICHHOTO JIBYMsI KOHIIAMU TPH HAIWUYWU TEIUIOBOTO IMOTOKA Ha ¢e 0OOKOBOW TIOBEPXHOCTH,

MCHAIOIIETOCA 110 KOOPAWHATC KBAAPATUYHBIM 3aKOHOM. COOTBCTCTBy}OIlII/IC BBIYUCJIIMTCIBHBIC aJITOPUTMBI,
pa3paboTaHHBIE aBTOPOM, IO3BOJISIOT PEIIUTh KJIacC MHKCHEPHBIX 3a/ad MO ONpPEACICHUIO YTMHEHUS
CTepXXHeW OorpaHmYeHHON MIUHBL [l03TOMYy, HECOMHEHHO, PE3yibTAaThl NAaHHOW PaOOTHI MOTYT IIHPOKO
MPUMEHATLECS. Ha NPENNPUATHSX, TA€ MPOBOAATCA pPacueThl 0 OINPENEIIEHHIO 3aKOHOB pacIpeieiIeHUs
TEMIIepaTypHBIX MOJICH 1 yIUIMHEHUH CTEPKHEBBIX JIEMEHTOB KOHCTPYKIIUH, pabOTaIOIINX B TEIUIOBOM I10JIE
U OpU HaTUYUM MEXaHWYeCKuX cuil. VMccienoBaHue cCKaTusl 3alEMIICHHOTO IBYMsI KOHLIAMH CTEPKHS
OTPaHMYEHHOM JUTMHBI, IPU BO3ACHCTBUN IEPEMEHHOTO I10 JUTMHE TEMIIEPATYPHOTO M0JISl U TETJIOBOT'O MOTOKA,
MpeaACTaBJIACT COOTBCTCTBy}OIlII/Iﬁ HHTCPEC I TCXHHUKH, TCXHOJOTHMYCCKHUX IIPOLCCCOB CBA3AHHBIX C
MPOYHOCTHIO YaCTHYHO TEIJION30JIMPOBAHHBIX 3JIEMEHTOB KOHCTPYKLMH, paOOTaIOMKX NPH NEPEMEHHBIX I10
KOOpJAMHATE YCTaHOBMBLIETOCS TEIUIOBOTO Moiisl. bypHoe pa3BuTue NOOBIYM M TIyOOKOH mnepepaboTKu
MPUPOAHBIX OOTaTCTB, CTABIIUE Iepe] YYCHBIMH HOBBIE NPOOJIEMBI Pa3pabOTKH COOTBETCTBYIOIIMX
MaTEMATHUYCCKUX MO)Z[eJIefI, YHUBEPCAJIBHBIX BBIYHUCIUTCIIBHBIX QJITOPUTMOB M METOJO0B, ITO3BOJIAIOIINX
BCECTOPOHHEE HCCIEIOBAHUE TEPMOYIPYIOrO COCTOSIHUSI YaCTUYHO-TEINION30JIMPOBAHHBIX 3JIEMEHTOB
KOHCTPYKITUH TIPH BO3JCHCTBUHM TEPEMEHHONW IO KOOPAWHATE TEIIOBBIX IIOTOKOB IO UX OOKOBHIM
IIOBCPXHOCTAM BCC I3TO BECbMa aKTYyaJIbHO. AKTyaJ'H)HOCTB ITHUX HpOGHeM TaK)XC MOTUBUPYCTCA TEM, UTO
MHOT'HE 3JIEMEHTHI KOHCTPYKLHMKA paboTaloT MPHU OAHOBPEMEHHOM BO3ICHCTBHUH OCEBON CHIIBI, IIEPEMEHHOTO
0 KOOpAMHATE TEIUIOBOI'O IIOTOKA, TEIUIOOOMEHA W TEeIUIoM30oJsuuu. I[Ipu OZHOBpEMEHHOM YydeTe
BBHIIIETIPUBE/ICHHBIX (AKTOPOB AHATMTUYECKOE PEIICHHE YCTAaHOBUBILErOCS TEPMOYIPYTOoro CKATUS |
pacTsHKEHUS CTEP)KHEH CTaHOBUTCS BEChbMa CIOXHOM. B cBsi3u ¢ 3TM, ecTecTBEHHBIM 00pa3oM MOSBISIETCS
HEOOXOIUMOCTh  pa3paldOTKM  COOTBETCTBYIOIIMX  MAaTEMaTHYECKMX  MOZENEeH  YHHBEpCaIbHBIX
BBIYUCIUTCIIBHBIX  aJITOPUTMOB, IIO3BOJIAOMIMX HCCICA0OBATH TEPMOYIPYroe COCTOAHUEC YaCTHYHO
TCIJIOU30JIMPOBAHHBIX OJHOMEPHBIX J3JICMCHTOB KOHCprKHHﬁ, IIpyu HAJINYUKU TCIUIOBOT'O obmeHa ¢
OKPY’KaroIUMH CPEAaMH, IEPEMEHHOM 10 KOOPAMHATE IOJIS1 TEIUIOBOTO IIOTOKA M OCEBBIX CHUIL

KiroueBble cioBa: TEMIOBOE pacIIUpeHHE, MOAYJb YIPYTOCTH, TEpM-HANpPSHKEHHOE COCTOSHUE,
OUCKPETHOCTh CMECIICHUA, HAIIPSAXKCHHAA )Ie(i)OpMaIH/ISI.

Main provisions

Modern internal combustion engines, gas turbine power plants, oil heating compressor stations,
steam generators of nuclear reactors, and technological processes that allow the deep processing of
uranium and osmium ores, as well as crude oil, pose the urgent problem of developing a mathematical
model for studying the temperature distribution field of thermal, physico-mechanical state of the
bearing elements of these structures, taking into account the nonlinear physical properties of materials
and their operating conditions.

It is known that in a thermo-physical-mechanical process, the main characteristic that has a
significant effect on the strength of load-bearing structural elements is an intense temperature rise,
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i.e., heat flux. In general, temperature is one of the most important characteristics of the growth
process and affects the morphology and crystal structure of heat-resistant alloys. Temperature fields
differ sharply in different parts of the rod uneven. Consequently, during the thermomechanical
process, in some areas of the structural elements, the temperature will be acceptable, and in some
areas — critical, which leads to rapid wear of the structural elements and to the loss of their physical
qualities. In this regard, for an accurate calculation of the distribution of the temperature field over
the volume of multidimensional bodies of various configurations made of heat resistant alloys, it is
necessary to carry out effective theoretical and numerical modelling [1-4].

The purpose of modelling, both analytical and imitation, is to predict the state of the system, which
most realistically displays the picture of the temperature field distribution over the volume of a
multidimensional body [5-8]. In the long term, based on this forecast, by changing both the internal
parameters of the structure of structural elements and the characteristics of external influences, it will
be possible to determine all the vulnerabilities in the structural elements and protect them from
deformation or destruction. The development of a model of the temperature distribution over the body
volume is necessary, since the complexity of the thermomechanical process in real time greatly
reduces the ability to intuitively assess the identification of critical temperatures in body parts [9-12].

Introduction

The article discusses the issues of creating a mathematical model and developing corresponding
computational algorithms that allow one to study the thermally stressed state of a partially thermally
insulated rod of limited length and rigidly clamped at two ends, when applying heat flows to the side
surface, varying in coordinates in the presence of a heat transfer process through the cross-sectional
areas of the two clamped ends, based on the energy principle, in combination with the finite element
method using quadratic elements with three nodes. We consider a problem where a heat flux is
supplied to the side surface of a rod, of limited length and clamped at two ends, varying along the

160 160
coordinate by a parabolic law. With the above accepted initial data, taking q(X) = a X2 — va X, by

the method of solving a static indeterminate problem, we find that R=-35587,0016(xI),

o= —283336(KF/CM2) . A table 1 is given where the convergence of the obtained numerical results
to the exact one is ensured by discretizing the rod under consideration by 10 quadratic finite elements.
Also for this case the relationship between R, o and L,h,T,., and is given in the tables.

Materials and methods

The rod of the limited length L, (cm) is given, both ends of which are rigidly clamped, the cross-
sectional area of the rod F, (cm2) is constant along the length of the rod. The physical, mechanical
and thermal properties of the rod material are characterized by the modulus of elasticity E, (kG/cm2),
the coefficient of thermal expansion, thermal conductivity Kxx, (W/ (cm . °C)) and the coefficient of
heat exchange with the environment h, (W/(cm2 . °C)). A heat flux is supplied to the entire length of
the lateral surface of the rod, changing along the length of the rod in the following quadratic law

q(x) =ax’ +bx+c, a,b,c=const, (1)

where a,b, c are real numbers. We will accept the values of the characterizing geometric,

physical-mechanical and thermal properties of the rod under consideration as in the previous problem
(Figure 1).

When a given heat flux acts on the lateral surface of the rod q/x, (Bm/cm?) the rod heats up.
Therefore, it must expand. Since both ends of the rod are rigidly clamped, it cannot extend. So, a
compressing force R, (kG) arises at both ends of the rod, which leads to the appearance of stress in
the sections of the considered rod.
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2
g(x) =ax™ +bx+c

UL

L

Figure 1. Calculation scheme.

Such a problem is called statically indeterminate. Despite this, this problem can be solved
numerically if we use the method of minimizing potential energy in combination with a quadratic
finite element with three nodes. By analogy with [3], the expression for the potential energy for the
problem under consideration is determined by (7), where V, (cm?) is the volume of a considered rod,

0
&, :6_;: is the elastic longitudinal deformation, u (x), (cm) is the displacement of the rod points,

ou : . . . .
o,=E¢ =E &,(KF/CMZ) is the elastic component of the compressive-tensile stress, T(X) is the law

of the distribution of the temperature field along the length of the rod.
Let us assume that the field of displacement distributions can be approximated by a second-order

. . L .
curve passing through three points x,x, and x,. Thus X =0, X ZE’ X, =L then a studied rod,
taking as one quadratic finite element with three nodes, we have that within the length of the rod

—3Lx +2x° 4Lx —4x? 2x% — Lx
u + u + u

L2
U(X) = 12 i 12 i 12 k*

)

Then the displacement gradient, i.e. the distribution field of elastic deformations, has the following
form

ou 4x-3L 4L -8x 4x - L
=—= u + u. +

8)( - & L2 i Lz j Lz uk . (3)

Based on Hooke's law, the value of the elastic component of stress is determined as follows

o s = E[4x—3|_u LAL-8 4X_Lukj,

LZ i LZ i LZ (4)

Using the last two expressions, we find the following product

4x-3L  4L-8x  4x-L Y

O'ng =E L2 l"Ii + Lz uj + L2 uk
x U, +2(16x2 —16Lx +3L° Juu, + (161 —64LxX +64x2 7 + 2(24Lx —4L% —32x* Ju u, +(16X* —8Lx +
+ 27, ()

=5[(16x2 ~ 241 + 9L 1 + 2(40Lx — 32x* ~12L° )

Assuming that the temperature distribution field along the length of the rod is also approximated
by a second-order curve and using the properties of a quadratic finite element with three nodes, we
find the expression for the product
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T(X)e, = %4[(62 —30x+ 2T, + (4ex = 4x )T, + (2x2 = ox)T, |- [(4x — 30)u, + (4L —8x)u, + (4x— L)y, ]

. (6)
Now we calculate the first integral in the expression for potential energy (7)
Iﬁd _—jgde_Ejgfdx: EF )| 16x ? X U’ +2 : 3% X uu. +
v 2 3 2L 3 3 :
3 3 3
16X ? X uu, +|16L°x — : o4 u?+2 120 32 _41x uu, + 16x
3 | 3 3
4Lx7 + x?) = 55 7w ~16uu, + 2uy, +1607 ~16u U, + 7]
—4Lx" +L°x kHO_E u’ —16uu; +2uu, +16u; —16u.u, +7u, |. (7)

According to the theory of thermoelasticity, the values of deformation from the temperature field
are determined by the following formula

& =—al (X). 8
The value of the temperature component of voltage is determined by the formula

o, =E¢,, (9)
thermoelastic stress
oc=0,+0;. (10)

It should be noted here that the sum of the coefficients before the nodal displacements is equal to
zero. Using (6), we calculate the second integral in the expression for potential energy

2,2 3
[ 2ET(9e.4V = cF j T(e dx—aEF {[13;" —6Lx3—3L3x+2x4}'I'iui+{32;X 10X +4L° x

242 3
xx—4x4}l'iuj+[7|'2x —14;)( —L3x+2x“}Tiuk+{28l3‘X —6L2x2+4x“}Tjui+[8L2x2—16Lx3+8><

22 3
X X }rJU, {ZOLX —2L2x2—4x4}T,-uk+{32LX —10;)( +2x“}Tu +

2 ki
L*x°® L
{ —2Lx3+2x4}Tkuk}
2

0
In the last square bracket, the sum of the coefficients before T,u; will be equal to zero. Then using

the obtained expressions (7), (11) we can write the final integrated form of potential energy (37).

3
{16"’( —21x —4x4}Tkuj "

= %EF 3Ty, +4Tu, ~Tu, — 4Ty, +4Tu, + Ty, —4T,u +3Tu,]J(11)
6

EF[

11 = C 7u’ —16uu; +2uu, +16u7 —16u U, +7u; ]—T [-3Tu, +4Tu, —Tu, —4T,u +4T,u, +

+Tu, —4Tu, +3Tu,]. (12)

Now, given that the nodal temperature values are known, we will minimize the potential energy
by the nodal displacement values. As a result, we obtain a system of three linear algebraic equations
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1)8_H=0;:> TEF y _ 8EF U, +Euk __oEF T 20EF T+ aEF T.
ou, 3L 3L 3L 2 3 6

2)8_17:0;:> _8EF y +16EF U, _ 8EF , = 20EF T 20EF T (13)
ou, 3L 3L 3L 3 3

3)6—H=0;:>Eui _8EF U+ 7EF 0, __oEF T 20EF T4 oEF T,
ou, 3L 3L ' 3L 6 3 2

. . . e . 160 , 160
Discretizing the considered rod by one quadratic finite element and taking, q(X) = I X —TX

we obtain the numerical results that are given in Table 1, and the corresponding distributions of the
displacement field are given in Figure 2
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Figure 2 Distribution of the displacement field

It is evident from this figure 2 that due to the symmetry of the heat flow supplied to the lateral
surface, the displacement field is also symmetrical. It is also observed that the points of the left half
of the rod move against the direction of the coordinate axis, while the points of the right half move in
the direction. In addition, since both ends of the rod are rigidly clamped and the heat flow supplied
to the lateral surface is symmetrical relative to the middle point of the rod, the displacement values
of the two extreme and middle points will be equal to zero. The distribution of the deformation and
stress fields are shown in4Figure 3a), b) and Figure 4.
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Figure 3 Distribution fields ¢,, o,, 07, 0
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Figure 4. Distribution fields &;

According to Figure 3, the maximum value of elastic deformation, which is of a compressive
nature, is achieved near the pinch point, and the greatest value of tensile elastic deformation is
achieved near the middle of the point. In this case, the thermoelastic stress is of a compressive nature,
and its average value over the entire rod is —2836,8125 (kG/cm?). This value numerically exceeds the
theoretical value by 3,4 (kG/cm?). It is also evident from Figure 3 that the nature of the elastic stress
near the pinch point will be compressive and equal to ox = —625,333 (kG/cm?), and at other points it
is of a tensile nature. At that time, near the middle of the rod, the greatest tensile elastic stress will be
448 (kG/cm?), and the nature of the temperature stress over the entire rod will be compressive and
equal to ox = —2207,3125 (kG/cm?). Its greatest value is achieved in the middle of the rod. Where near
the middle of the rod ox = —3268,48 (kG/cm?). The nature of thermoelastic stress on average ¢ = ox
+or=-2836,8125 (kG/cm?).

Now we discretize the considered rod by two quadratic finite elements. In this case, the number of
resolving equations is five. The length of each finite element is 15(cm). The numerical solutions
obtained in twenty fixed sections of the rod are given in Table 2. This table gives the values of the
strain and stress components. The results obtained show that the values of the thermoelastic stress in
all sections of the rod fluctuate around. This result differs from the approximately analytical solution
by only 0,8 (kG/cm?). Figure 5 shows the distribution of the displacement field along the length of
the rod.
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Figure 5 Distribution of the displacement field

From this figure 5 it is clear that the amplitude of the displacement of point 5, which corresponds
to the displacement of the point with coordinate 7,5 (cm?), will be us=—3268,48 (cm). At the same
time, the displacement of the point with coordinate symmetrical to this point relative to the center of
the rod x = 22,5(cm) will be u17=-0,01296 (cm). From this figure 5 it is clearly seen that the symmetry
of the obtained numerical results is ensured. As a result, the displacement of the middle point of the
rod with coordinate x = 15 (cm) u11= 0 (cm). Figure 6a), b) and Figure 7 show the distribution of the
deformation and stress field.
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Figure 7 Distribution fields &;

From these results it is also evident that the symmetry of the problem is ensured.

Now we discretize the considered rod by ten quadratic finite elements of the same length ¢ =
(3cm). In this case, the values of the thermoelastic stress will be or = —2833,37 (kG/cm?), and this
exactly coincides with the results of the approximate analytical solution. The obtained values of the
strain and stress components in fixed sections are given in Table 3, and the corresponding distribution
of the displacement field is given in Figure 8.

Scale; 100w

Displacement

Figure 8 Distribution of the displacement field

The amplitude of the displacements of the midpoint of the first half of the rod will be u23=—0,0013
(cm), and average of the second half will be u79=—0,0013(cm). From this figure 9a), b) it is clear that
the symmetry of the problem is ensured, therefore the displacement of the midpoint of the rod us1=0
(cm). Figure 8 shows the law of distribution of the deformation and stress field.
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These graphs also demonstrate the symmetry of the problem in terms of parameters. The value of
the greatest tensile elastic deformation & = 0,00023427 and it occurs in the middle of the rod. Figure
10 shows the law of distribution of the temperature deformation field.
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Results of the study
Thus, when solving the problem of thermal strength of structural elements exposed to a parabolic

heat flow, it is desirable to discretize the considered rod by at least ten quadratic finite elements.
However, it should be noted that the numerical results obtained even when discretizing the considered
rod by one quadratic finite element will always be useful for engineering calculations. Because in this
case the error is no more than 0.194%. But such an error is negligible in engineering calculations
when it comes to stresses that do not exceed their permissible values.

Discussion

Now we will numerically investigate the influence of the length, heat transfer coefficient and
ambient temperature on the thermal stress-strain state of a rod clamped at both ends in the presence
of a heat flux on the lateral surface that changes according to a parabolic law of the following form
q(x) = @ X2 — @ X

0 0

We vary the value of the rod length /,(cm). Table 4 shows the value of the compressive force

R,(kI") and stress o, (<I"/cx?) for six different values of the rod length.
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Table 1. The influence of the rod length value on the thermal stress-strain state of the studied rod

Ne ?,(cm) R,(KF) O',(KF/CMZ) %

1. 30 -35586,66 -2833,33 100
2. 27 -32342 -2575 90,88
3. 24 -29306,66 -2333,33 82,35
4, 21 -26480,66 -2108,33 74,41
5. 18 -23864 -1900 67,06
6. 15 -21456,66 -1708,33 60,29

This table shows that the values of compressive force and stress decrease in a non-linear manner
with decreasing rod length. The decrease in these values is motivated by the decrease in the area to
which the heat flow is supplied. In addition, these results show that it is possible to regulate the value
of compressive force and stress using the length of this rod element.

Now we numerically investigate the influence of the heat exchange coefficient value
h,(Bm/cm2 2 C) between the cross-sectional areas and the environments surrounding them. The
results are given in Table 5.

Table 2. The influence of the heat transfer coefficient value on the thermal stress-strain state of the studied

rod

Mo h,(Bm/CM2 - C) R, (kG) O',(KF/CMZ) %

1. 10 -35586,66 -2833,33 100

2. 9 -36982,22 -2944,44 103,92
3. 8 -38726,66 -3083,33 108,82
4, 7 -40969,52 -3261,9 115,12
5. 6 -43960 -3500 123,53
6. 5 -48146,66 -3833,33 135,29

This table shows that with a decrease in the value of the heat exchange coefficient, an increase in the
values of the compressive force and stress is observed. In this case, this dependence occurs in a

relatively nonlinear manner. The increase in values and with a decrease in value h is motivated by

the fact that at low values h a small amount of heat is transferred from the rod to the environment.
The influence of the temperature surrounding the cross-sectional areas of the clamped ends of the rod
TOC,(" C) on values of compressing force R and o a stress. The results of these studies are given in

Table 6.

Table 3. Influence of the ambient temperature on the thermal stress-strain state of the rod under study

Ne TOC,(°C) R, (kG) G,(KF/CMZ) %
1. 40 -35586,66 -2833,33 100

2. 35 -34016,66 -2708,33 95,59

3. 30 -32446,66 -2583,33 91,17

4, 25 -30876,66 -2458,33 86,76

5. 20 -29306,66 -2333,33 82,353

From this table 3 it is evident that with decreasing ambient temperature 7', the values R and o

decrease proportionally, but nonlinearly. This process is motivated by the fact that at low ambient
temperatures a large amount of heat leaves the rod into the environment, i.e. the rod will cool
relatively. This phenomenon can be used to control the value of the compressive force and stress
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using the temperature surrounding the cross-sectional areas of the clamped ends of the rod of the
environment.

Conclusion

A mathematical model and numerical methods for the thermoelastic state of the rod were
constructed pinched at two ends in the presence of heat flow on it  surface of a surface varying in
coordinate square law. It was revealed that when a heat flux with a parabolic variation is connected
to the side surface, an increase in the length of the rod leads to an increase in the elongation of the
rod. Thus, with a decrease in the length of the rod, the deformed state of the rod is maintained while
maintaining a heat flow on it, changing by the quadratic law of attraction. In some cases, the value of
the heat transfer coefficient, on the contrary, increases the crisis-deformed state. When measuring the
ambient temperature, and also in some cases, the crisis-deformed state decreases.
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